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ABSTRACT 
Size miniaturization of aliphatic layers is of interest in the fundamental understanding of 
their structure-property-relationship. This research studies the size-dependence of structure 
evolution and thermodynamic principles in a model system of silver alkanethiolate (AgSCn), 
which consists of uniform alkyl chains with spatially discrete interfaces and 2D Ag-S slabs.  
Two novel synthesis methods are complementarily combined to obtain AgSCn lamellar 
crystals with variable number of layers (m=1-4 and >10) and variable chain lengths (n=1-16). 
The vapor phase method is capable of controlling the number of layers for the synthesis of 
monodispersed AgSCn (n=7-18) with 1-layer to 4-layer structures. The solution reaction method 
is developed to synthesize well-defined single crystal lamellae of different chain lengths (n=1-
16), with all-trans alkyl chains, well-registered interfaces and highly ordered intralayer lattice. 
This technique is highlighted by the growth of extremely short chain lamellae (n=1-3), which is 
previously considered almost disordered. Unit cell structures of the beam-sensitive AgSCn are 
common for species with n=2-16 and are determined for the first time by coupling synchrotron 
XRD and nano-beam electron diffraction. Nanocalorimetry and commercial DSC are employed 
to systematically measure the chain-length-dependence and layer-number-dependence of AgSCn 
chain melting (Tm). Three unique effects of size-dependent properties are discovered.  
Short-chain effect melting occurs when chain length is decreased to a critical size (ncr=7), 
below which Tm of AgSCn deviates from that predicted by the classical Gibbs-Thomson model 
by as large as 50 K. Such unique deviation is also observed in structural parameters related to the 
local environment and dynamics of carbon groups, which are utilized to divide the alkyl chains 
into three segments. The previous 2D Ag-S planes and interfaces are assigned 3D representations 
with quantified thicknesses that include the head segment and the tail segment of alkyl chains, 
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respectively. The incremental melting enthalpy of AgSCn with n≥ncr is contributed from the 
increasing length of the bulk-like mid-chain segment. At/below the critical size, none of the 
carbon groups are equivalent and the lamellae structure is dominated by the Ag-S region as well 
as the interface region. The short-chain effect is caused by the bulk-to-discrete transition of 
lamellae properties at/below the critical length scale.  
Stacking effect of lamellar melting demonstrates an increase of Tm as a function of 
number of layers. This effect only occurs when interlayer interfaces are well-registered such that 
different layers perform synergistic with each other and melt collectively. This effect is not 
observed in polyethylene in which interfaces are amorphous. 
Odd/even parity effect exists in stacked AgSCn over the entire range of chain length 
(n=2-16), despite the short-chain effect below n=ncr, but is absent in single layer crystals where 
interface is not formed. Any parity-dependence exhibited in aliphatic layers is raised from the 
odd/even nature of the tail alkyl segment with the van der Waals gap at the interface regions. 
A comprehensive Gibbs-Thomson model with variable excess free energy is developed to 
describe the unique size effect melting of AgSCn. It is simplified into the classical Gibbs-
Thomson model at n≥ncr. This model can be generalized to other aliphatic layers including the 
well-known n-alkanes, which possess a critical length of ncr=11. 
Understanding the size scale of aliphatic layers opens up a pathway of manipulating 
chain melting by altering their spatially discrete structural segments. Huge increases of Tm 
(ΔT=30-50 K) is observed when the interfaces of AgSCn are tailored by hydroxyl groups. Since 
living temperature ranges only a few degrees, this research on size effect transition is critical in 
biological membranes that are also composed of layered lipids. 
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CHAPTER 1 
INTRODUCTION 
This work is a fundamental thermodynamic study of the melting of two-dimensional (2D) 
layered materials. 2D materials offer unique porthole into science. They exhibit extraordinary 
properties that are ubiquitous in nature. For example, graphene has remarkably high electron 
mobility and zero band gap (Eg);[1, 2] 1-layer Bi2Te3 is a topological insulator;[3, 4] biological 
membranes (lipid layers) form robust but flexible outer layer structures of all living cells;[5] 1-
layer metal alkanethiolate lamella melt at temperatures (Tm) far below its bulk value.[6] In 
contrast to bulk materials with uniform structures, the key factor in the nature of all 2D material 
systems lies in the coexistence of the inner bulk-like regions and the non-uniform structure 
sections (e.g. surface, interface) at boundaries, among which the van der Waals interfaces present 
between stacked layers is a typical example. Such local interaction is strong enough to alter the 
intrinsic characteristics (e.g. Tm, Eg) of the entire system, including the bulk-like regions, yet 
weak enough to allow these materials to exist in extremely small scales such as single layer 
species. Layers with such small dimensions force us to deal with the reality that surfaces or 
interfaces do not have mathematically planar boundaries but intrinsic thicknesses. Below a 
critical scale length, these interfaces begin to overlap and the bulk-like region disappears. This is 
where the transition of material properties from bulk to discrete happens – materials with 
dimensions smaller than critical scales are dominated by the nature of local structural segments. 
Size-dependent melting of 3D Sn nanoparticles [7] demonstrates a critical thickness (16 
Å) of surface liquid layers, below which bulk melting cannot be predicted/defined in terms of the 
classical Gibbs-Thomson model [8] with constant excess free energy contributed from the 
localized surfaces. In contrast, none of the studies on the size effect melting of 2D aliphatic 
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layers, such as n-alkanes [9, 10], polyethylene [9] and metal thiolates [6, 11], shows the failure 
of the classical Gibbs-Thomson model. This probably implies that the critical thickness scale of 
2D layered materials, where extraordinary melting occurs, has not been approached. This work is 
the first systematic study of the size-dependent melting of aliphatic layers with thicknesses 
below the critical dimension.     
1.1. Two-dimensional (2D) Materials 
Due to the unique confinement of charge and heat transport to a plane, 2D materials have 
attracted great attention since the discovery of graphene (Figure 1.1a) in 2004.[1, 2] It is an 
excellent thermal and electrical conductor, with high carrier mobility and anomalous molecular 
barrier properties. Progress made in graphene research promotes the growth and characterization 
of other 2D crystals beyond graphene, among which layered binary chalcogenides (Figure 1.1b), 
boron nitride, and metal-organic lamellae (Figure 1.1c) are promising for the applications of 
molecular electronics, lithography, topological insulators and devices.[3, 4, 12-18] One common 
feature of all these 2D materials is their strong covalent or ionic bonding along 2D intra-layer 
directions and weak van der Waals bonding along the third dimension (Figure 1.1d).[13] 
Interfaces are highlighted by 2D nanoconfinement effect as the miniaturization of material sizes. 
1.2. Biological Membranes: Single Layer Lipids 
“Monolayer” provides the basic building blocks of layered inorganic and organic 
materials. They do not have an internal interface and thus provide the key material state for 
thermodynamic modeling. Membranes in biological systems are often single layer lamella, 
which is the rule not the exception (Figure 1.2a). Each lamella consists of phospholipid layers 
that contain aliphatic chains connected by hydrophilic head segments.[5] Phase transitions of 
lipids [19-22] that involve lamellar chain melting are of particular interest with respect to lipid-
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protein interactions,[5] membrane-expanding drugs[23] and lung alveolar dynamics[24]. Similar 
to AgSCn and n-alkanes, Tm of lipids also depend on the nature of the discrete segments, 
including the head groups and the tailoring of membrane surface.[25, 26] Thermodynamic 
studies on 2D aliphatic layers are instructive for the research of biological membranes. Our 
previous liquid calorimetry findings [11, 22] of a model vesicle system (DODAB) indicate that 
there are anomalies in the melting of the vesicle membrane walls – anomalies we attribute to 1, 
2, and 3-layer structures (Figure 1.2b). 
1.3. Silver Alkanethiolate Lamellar Crystals 
Single layer silver alkanethiolate (AgSCnH2n+1 or AgSCn, Figure 1.1c) is composed of an 
Ag-S central network, with fully extended all-trans alkyl chains tethered on both sides.  Multiple 
AgSCn lamellas can stack into multilayer crystals with van der Waals force bonding adjacent 
layers. Parallel alkyl chains are also bonded with each other via van der Waals interactions. 
Chain melting [6, 11, 27-32] of AgSCn is defined as the accumulation of gauche defects in the 
originally all-trans alkyl chains at certain temperatures (melting point, Tm). This is a reversible 
crystal to liquid crystal phase transition, in which the inorganic Ag-S slab is intact. Chain 
melting of AgSCn has been widely studied. However, most of the research [6, 11, 27-32] was 
focused on the melting of long chain AgSCn (n≥7) with even number of carbon groups along the 
chain. Limited research was conducted on short chain AgSCn (n≤6) as well as 1-layer lamella.  
There are two methods of synthesizing AgSCn crystals. The first route, initiated by 
Dance et al.[33], is a solution reaction method and is employed to synthesize free-standing 
multilayer AgSCn crystals.[27-31, 33-36] The second method is a vapor-phase method 
developed in our group.[37, 38] This method has a capability of controlling the number of layers 
of the product. With this method, our group was the first to report the synthesis of 1-layer 
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AgSCn lamella on inert substrates.[38] Figure 1.3 shows the typical 3-step procedure of the 
vapor-phase method. The deposition of silver clusters is carried out in a thermal evaporator at a 
base pressure of 5×10-8 Torr. The deposited metals are then exposed under alkanethiol vapors for 
3 days for the self-assembly formation of as-grown AgSCn crystals, which are then annealed in a 
vacuum chamber at the base pressure of 1×10-7 Torr. The number of layers of AgSCn is 
precisely controlled by the amount of deposited silver as well as the annealing temperature. We 
can easily grow 1-layer, 2-layer, 3-layer and 4-layer samples. But above 4-layers, the synthesis 
window for growing crystals with monodispersed number of layers becomes limited and we 
consider the product as multilayer crystals. The crystallinity of such multilayer AgSCn is not 
ideal and a novel solution synthesis pathway is introduced in chapter 4. The novel method is also 
able to grow short chain AgSCn with chain lengths as short as n=1. These short chain AgSCn 
shows extraordinary properties and have never been studied comprehensively. 
1.4. Overview 
In this work, AgSCn is considered as an ideal model system for the study of segment-
induced size-dependent properties, since it by nature possesses two unique local structural 
regions: the interlayer interface with weak van der Waals forces and the Ag-S slab with strong 
covalent networks. The combination of the vapor-phase method and the novel synthesis method 
(chapter 4) yields AgSCn with any chain lengths (n=1-18, long or short) and any number of 
layers (m=1-4, multilayer). The chain melting properties of AgSCn are systematically studied by 
the coupling of nanocalorimetry (chapter 3), developed in our group, as well as the commercial 
differential scanning calorimeter (DSC). The odd/even effect in the melting of stacked layers 
highlights the nature of interlayer interfaces. The extraordinary short-chain effect observed in the 
melting of short chain AgSCn (n≤6) is an example of transition from bulk-like to discrete 
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properties when material dimension is smaller than the critical size of the system. 13C Nuclear 
Magnetic Resonance (NMR) is employed to reveal the local structures of alkyl chains and study 
the molecule-level mechanism of the odd/even effect and the short-chain effect. The basic idea 
of this mechanism involves dividing alkyl chains into three segments, instead of treating them as 
a uniform continuum. Meanwhile, the previous 2D concept [6, 11] of interfaces and Ag-S planes 
are assigned with a 3D thickness, which is more realistic representations of these local regions. 
Based on the experimental discoveries, a new theoretical model is developed, coupled with 
alterable excess free energies to predict the deviation of the observed size-dependent melting in 
AgSCn from the classical Gibbs-Thomson model. 
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1.5. Figures 
 
Figure 1.1. Structures of (a) Graphene monolayer, (b) Layered metal dichalcogenide, MX2, 
and (c) silver alkanethiolate (AgSCn) lamellar crystals. (d) Schematics show the 
formation of van der Waals interfaces in 2D layered materials. 
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 Figure 1.2. (a) Schematics of different bi-layer lamellar structures such as liposomes, 
micelles and sheets. (b) Schematics of the DODAB vesicles with different number 
of layers in the membrane wall. 
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 Figure 1.3. Schematic shows the procedure of synthesizing AgSCn lamellar crystals with 
different number of layers via the vapor phase method. The synthesis involves 
three major steps: (1) silver deposition via thermal evaporation, (2) alkanethiol 
vapor exposure, and (3) vacuum thermal annealing. The number of layers of the 
final product is controlled by both the deposited Ag amount and the annealing 
temperature. 
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CHAPTER 2 
SIZE-DEPENDENT MELTING 
The thermodynamics of materials with reduced dimensions exhibit a dramatic melting 
point depression as compared with their bulk counterparts, due to the increased proportion of 
surface or interface atoms in nanostructures. This phenomenon is prominent for systems smaller 
than 10 nm, and is significant for nanoelectronic devices fabricated from sub-20 nm technology 
node. This chapter presents a review of related literatures on size-dependent melting. To begin 
with, the experimental phenomena of size-dependent melting are introduced in terms of 3D 
nanoparticle systems (e.g. metals) and 2D polymeric layered materials (e.g. alkanes, 
polyethylene, metal-thiolates). Several theoretical models for size effect melting are then 
presented for comparison.   
2.1. Size Effect Melting of 3D Nanoparticles 
Size-dependent melting of metal nanoparticles is first observed via electron diffraction by 
Takagi [1], Coombes [2] and Buffat [3]. The revealed crystallinity loss of nanoparticles upon in 
situ heating indicates that their melting points (Tm) are different from their bulk counterparts.  X-
ray diffraction on Pb also yields similar results.[4] Calorimetry were employed to investigate the 
size-dependent melting over the last decades,[5-9] including metals such as Sn [10], Al [11], In 
[12, 13] and Bi [14] probed by nanocalorimetry. 
Figure 2.1a-d summarizes the melting point depression phenomena of the above four 
metals, respectively, as the decrease of particle radius or its equivalent thickness of film 
deposition. All these materials go through a dramatic reduction of Tm when particle sizes reach 
sub-10 nm level. The smaller the nanostructures are, the faster the depression of melting points. 
Sn and Al nanoclusters with 20 nm radii melt at temperatures very close to their bulk values (Sn: 
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231.9 oC; Al: 660.3 oC). The measured heat of fusion of these metals also strongly depends on 
the size of nanostructures. In an atomic perspective, the size dependence of both melting point 
and melting enthalpy is attributed to the excess free energy (related to surface region [15, 16]) 
contributed from the disparity of surface atoms and inner atoms in nanoclusters, and such energy 
can be predicted by many melting models [13] described in section 2.3. 
2.2. Size Effect Melting of 2D Layered Materials 
Size effect melting is a general property for nanoscale materials, as it is not only observed 
in 3D systems but also discovered in 2D layered crystals. 2D silver alkanethiolate (AgSCnH2n+1 
or AgSCn) lamellae with different alkanethiol chain length (n=7-18) and various number of 
layers (m=1-10) has been systematically synthesized and characterized via Nanocalorimetry by 
de la Rama et al [17]. AgSCn is composed of an Ag-S slab with fully-extended all-trans alkyl 
chains in both sides, forming a bi-layer structure [18, 19]. Its melting temperature gradually 
decreases with the shortening of organic chain length as well as the reduction of the number of 
layers. Figure 2.2a shows a stepwise increase of melting point of single layer AgSCn as the 
increase of chain length. Such chain-length-dependent melting of aliphatic layers is also 
observed in n-alkane and polyethylene lamellae [20, 21]. 
Figure 2.2b illustrates the layer-number-dependence of AgSC7 and AgSC8. 2-layer 
AgSCn melts at about 20 oC higher than its 1-layer counterpart, but the degree of increase of 
melting point gradually reduces with the increase of number of layers. In contrast, Tm of linear 
polyethylene lamellae does not depend on number of layers. 1-layer polyethylene [22] melts at 
the same temperature as its multilayer counterparts [20], as long as their individual layer 
thicknesses are the same. This is because interlayer interfaces in AgSCn are well-registered, 
whereas those in polyethylene are composed of amorphous chain foldings and individual layers 
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perform independently. Such size effect melting in 2D lamellar crystals are attributed to the 
excess free energy contributed from interfacial regions between adjacent layers [17].  
2.3. Models for Size Effect Melting 
2.3.1. Gibbs-Thomson (GT) Theory in nanoparticles 
Size-dependent melting finds its historical root in the 19th century with the pioneering 
theory of Gibbs and Thomson.[13, 15]  They were the first to suggest that the melting/freezing 
points of small scale finite particles (non-bulk) depend on their dimensions (radius). The general 
physics of the GT theory is summarized into the GT equation as follows: 
21bulkm m bulk
m s
T T
H r
α
r
 
 
 
= −
⋅
  (2.1) 
where Tmbulk, Hmbulk, ρs refer to the bulk melting point, the bulk melting enthalpy and the solid 
phase density. 2α is the excess free energy that differentiates the melting of particles and bulk 
melting. Three different models have been introduced to describe the size effect melting with 
regard to different definition of the excess free energy.    
(a) Homogeneous melting and growth model (HGM) [3, 16]: this model considers 
melting of particles as the equilibrium between the entire solid and the entire melted material. Its 
value of α is expressed as follows: 
2
3
s
HGM sv lv
l
r
α s s
r
 
= −  
 
  (2.2) 
(b) Liquid shell model (LSM) [3, 23, 24]: this model assumes the existence of a liquid 
layer of thickness r0 in equilibrium at the surface of solid particles, and α is set as follows: 
0
1
1
sl s
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l
r
r
s r
α s
r
 
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 −
  (2.3) 
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The values of r0 have been estimated to be 1.6 nm and 1.85 nm for Sn [10] and In [13] 
particles, respectively. 
(c) Liquid nucleation and growth model (LNG) [25-28]: this model is based on the 
kinetic consideration that melting starts by the nucleation of liquid layer at the surface and moves 
into the solid as a slow process with definite activation energy. The value of α is 
3
2
s
sl LNG sv lv
l
r
s α s s
r
 
< < − 
 
  (2.4) 
In these models, σ refers to the interfacial energy between solid (s), liquid (l) and vapor 
(v) phases and ρl is the density of liquid phase. The widely used equation (2.1) is the formula 
with only 1st order expansion. However, the 2nd order term [29] is usually negligible as it only 
introduces a correction of 5 K at r=2 nm. 
2.3.2. Gibbs-Thomson (GT) Theory in layered crystals 
The initial GT theory can also explain the size effect melting observed in aliphatic 
layered crystals with the total layer thickness (l) as the dimension variable. Lauritzen, Hoffman 
and Weeks (LHW) [30-32] were the first to propose the formula of GT equation for layers (two 
forms): 
21 ebulkm m bulk
m s
T T
H l
s
r
 
 
 
= −
⋅
  (2.5) 
1 1 21 ebulk bulk
m m m sT T H l
s
r
 
 
 
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⋅
  (2.6) 
This model well explains the chain-length-dependent melting of n-alkanes and 
polyethylene.[20] Only the excess free energy contributed from the lateral 2D surface of a 
lamella is considered for this model due to the low aspect ratio of layered crystals. Excess free 
energy of lamellae sides is negligible. 
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Equation (2.5) and (2.6) have their disadvantages when applying for 2D alkyl-based 
systems, as the chain length of aliphatic materials is more easily accessible than their layer 
thickness. Thus a model that correlates the size effect melting and chain length is suggested by 
Höhne.[33]  
2
1 1 1 e
CH
bulk
m m
G
T H nT
 
 
 
∆= −
∆ ⋅
  (2.7) 
where ΔHCH2 and ΔGe are the molar enthalpy per CH2 group for bulk materials and the excess 
free energy contributed from the interface regions, respectively.  
Although equation (2.7) is very useful for n-alkanes, it is not accurate enough when 
applying to more complicated aliphatic layered systems such as organometallic lamellae. Using a 
single source/region to relate the excess free energy (ΔGe) to ΔT is not consistent with the 
observed results of AgSCn. This is highlighted by the observed odd/even and stacking effect 
shown in Figure 2.2b.  For example, a 2-layer AgSC7 (d=4.5nm) melts at a higher temperature 
(ΔT~8K) compared to a thicker 2-layer AgSC8 (d=5.0nm). 
Our group has proposed to extend the form of the above models for AgSCn and relate 
Gexcess not to a single source but to four sources – four spatially segmented regions as shown in 
Figure 2.3.  In this way, we consider that the crystal melts collectively as a whole and occurs at a 
single temperature, Tm, which, however, is determined by spatially separated regions of the 
crystal. The total molar melting enthalpy and entropy are contributed from the methylene groups 
in the alkyl chains, free surface region, substrate-sample interface, interlayer interface and the 
central Ag-S backbone. Corresponding indices of the values are CH2, S, Sub, I, and C, 
respectively. This model can reversely be generalized to other lamellar crystals such as alkanes 
and polyethylene that do not have a central plane, by simply replacing the Ag-S slab with an 
interface.  In fact, the AgSCn system can be thought of as an alkane lamellar crystal with an 
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alternating end-to-end methyl interface and central plane Ag-S interface. Following Höhne’s 
derivation, Tm of AgSCn is expressed as a function of chain length (n) and number of layers (m), 
in either forms [17, 34]: 
2
( 1)1 1 1 S C SUB I
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bulk
m m
m mG G G G
T mn HT
 + + + −
 
 
∆ ∆ ∆ ∆= −
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∆ ∆ ∆ ∆+
∆  (2.9) 
This model actually reminds us that we can assign any number of excess free energy 
terms into the GT model, based on the composition and structure of certain materials. This model 
can be applied to many other organic systems with multiple unique structural segments, 
including precision polymers [35-37], block copolymers [38-45] and compounds with phenyl 
groups [46]. However, all the models in this chapter possess a constant value of excess free 
energy, which fails to predict the short-chain effect of AgSCn (section 5.4.3) and a new 
comprehensive GT model is proposed in chapter 7.    
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2.4. Figures 
 
Figure 2.1. Size-dependent melting of four different metal nanoparticles: (a) Tm of Sn as 
function of particle radius; (b) Tm of Al as a function of particle radius; (c) Cp vs 
T curves for In particles with different deposited film thickness. Inset plots the 
peak temperature and peak FWHM as a function of deposited film thickness; (d) 
Tm of Bi as a function of deposited film thickness. 
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 Figure 2.2. (a) Tm of single layer AgSCn lamella as a function of chain length. The inset 
shows the Cp vs T curves of the corresponding lamella. (b) Tm of AgSCn lamellar 
crystals with different number of layers for AgSC7 (red) and AgSC8 (blue). 
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 Figure 2.3. Proposed model that separates the excess free energy of an AgSCn lamella 
contributed from the free surface, the Ag-S central plane, the interlayer interface 
and the sample-substrate interface. 
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CHAPTER 3 
NEW FUNCTIONALITY OF NANOCALORIMETRY 
3.1. Introduction 
Nanocalorimetry (NanoDSC) [1-5] is a unique technique due to its ultra-fast heating rate 
(5,000-200,000 K/s) and high sensitivity in terms of heat capacity (0.1 nJ/K) and enthalpy (1 nJ) 
measurements. These attributes makes it possible to study the thermodynamic properties of very 
small amount (~50 ng) of materials, which is much less than the minimum mass (~mg) needed 
for commercial Differential Scanning Calorimetry (DSC). The central part of NanoDSC is a 
chip-based calorimetry sensor (Figure 3.1a) fabricated on silicon wafer with a metal (Pt, Al) 
patterned silicon nitride membrane on top, forming a low thermal mass calorimetric cell. 
Nanocalorimetry was introduced in the 1990s and is now used worldwide.[5-29] Currently, 
Nanocalorimetry has been applied to measure the thermodynamic properties of metal 
nanoparticles [8, 10, 11, 13, 17], polymer thin films [14, 30], self-assembled monolayers (SAM) 
[16], metal silicides [31, 32], phase-change materials [33] and 2D alkanethiolate layered crystals 
[4, 27, 34, 35]. It has also been incorporated in other instruments, such as ion implantation [36-
38] and Transmission Electron Microscope (TEM) [39-41], to carry out in situ experiments.  
Figure 3.1b shows a typical circuit diagram of DC nanocalorimetry with two sensors 
connected in a 4-point setup, forming a differential scheme. The traditional heating/pulsing mode 
is achieved by passing synchronized current pulses through both sensors (sample and reference). 
Typical sensor resistances are 50-100 Ω and the circuit current ranges from 10-50 mA. Heating 
rate is precisely controlled by tuning RAS and RAR. The measured sample heat capacity is 
roughly proportional to the derivative of ΔV over time.[2, 3] The sample calorimetric curve (Cp 
vs T) is obtained after the 1st, 2nd and 3rd baseline subtraction of addenda correction, blank cell 
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correction and heat loss correction, respectively.[2] Some particular material processes require 
unique calorimetric recipes and the heating/pulsing mode alone is not enough. Three new 
functions are developed in the nanocalorimetry system [4]: (1) continuous multiple pulses for in 
situ measurements of material evolutions, (2) electrical annealing for in situ ultrafast annealing 
of thin films, and (3) cooling mode for studying material properties during cooling down.  
3.2. Multiple Pulses 
Multiple identical nanocalorimetry pulses have been applied to single and multilayer 
silver alkanethiolate (AgSCnH2n+1 or AgSCn) lamellar crystals to study the evolution of melting 
characteristics and the effect of fast cooling on the crystallinity and structure of the material. This 
functionality uses the same instrument setup as the regular pulsing mode but is assigned a certain 
number of pulses, with 1 s interval between every adjacent pulse. 
3.2.1. Melting evolution of 1-layer AgSC15 
Nanocalorimetry is capable of resolving the thermodynamic characteristics of single layer 
AgSCn crystals (~15 ng). 1-layer AgSC15 crystal is synthesized using the layer-control vapor-
phase method developed in our group.[34, 35] Its lamella nature has been verified by AFM, XRR 
and XRD. Figure 3.2a-3.2d, respectively, show the real-time evolutions of the heating traces, 
melting point (Tm), melting enthalpy (Hm) and full-width-half-maximum (FWHM) of the 
melting peaks of 1-layer AgSC15 crystals during 50 pulses. 
The melting peak observed in the first pulse refers to the real melting characteristics of 
the as-synthesized crystals. Its measured Tm is 119.2 oC, which is consistent with the one 
measured by an individual single pulse.[27] The molten crystals after the first pulse quenches to 
room temperature from about 200 oC at a fast passive cooling rate of ~104 K/s.[32] Tm values 
dramatically shifts to a lower temperature (ΔT~3 oC) at the second pulse and remains almost 
26 
 
unchanged during the subsequent thermal cycles, as compared with the first pulse. The error bars 
in Figure 3.2b refer to the instrumentation statistical variations arising from sample-to-sample 
errors (±1.5 oC).[27] There is in total about 50% reduction of Hm from the as-synthesized 
crystals to the subsequent quenched crystals (Figure 3.2c).  
Unlike fast cooling, change of heating rate has little effect on the melting characteristics 
of layered AgSCn. Same Tm and Hm values of AgSC15 melting are observed either in the 
conventional DSC (10 K/min) and the first pulse of NanoDSC (50,000 K/s). However, since 
crystal solidification strongly depends on the cooling rate (e.g. slow cooling or quenching), it is 
the material solidification during quenching right after the first pulse that alters the originally 
well-defined 1-layer AgSC15. The quenching cools the crystal from molten state to a solid state 
within 100 ms, causing crystallinity loss. As a consequence, the lamella that is heated during 
subsequent pulses has no longer the crystallinity as the one before the first pulse.  
A systematic increase of melting peak FWHM is observed during multiple 
melting/cooling cycles (Figure 3.2d). The value of the first pulse is 7.3 oC, which agrees with the 
typical FWHM value measured for all 1-layer AgSCn (n=7-16), as is shown in the inset of 
Figure 3.2d.[4, 27] All these values range from 6 to 7.5 oC and the blue strip represents their 
average of 6.7±0.1 oC. This indicates that multiple thermal cycles significantly broaden the 
melting peak. Instrumentation broadening (due to sensor temperature gradient, resolution 
limitation, etc.) is only about 3 oC, as is verified by NanoDSC measurement on standard indium 
samples.[3, 13] Kinetic issues of fast heating rate is also not considered as the reason for peak 
broadening, as the FWHM of indium melting peak obtained from NanoDSC (~3 oC) and DSC 
(~1.5 oC) are comparable within experimental error. The major part of the peak broadening in 
this work is attributed to the thickness/size variations of lamella coupled with size-dependent 
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melting of AgSCn crystals.[27] This indicates that crystallinity loss during multiple 
melting/quenching cycles significantly changes the size uniformity of 1-layer AgSC15 crystals. 
Figure 3.2e and 3.2f compare the multiple pulse experiment on 1-layer AgSC15 and 
monolayer polyethylene lamella [14]. The red curves represent the first pulse whereas the blue 
ones show the average curve of subsequent 50 or 100 pulses. The shift of Cp between the red and 
the blue curves after melting in Figure 3.2e is caused by the degassing/desorption of residual 
alkanethiol molecules on sensor. We suggest that crystallinity loss of layered material is also 
found in 1-layer polyethylene crystals, with observed 50% reduction of Hm, ~7 oC shift of Tm 
and ~1.5 oC broadening of peak FWHM (Figure 3.2f). Such crystallinity loss of 1-layer 
polyethylene is confirmed by our previous TEM results - a well-defined diffraction pattern is 
observed before the first pulse, whereas no diffraction pattern is observed after multiple 
cycles.[42] Similar phenomenon is also reported by Grubb et al [43] using real time small-angle 
X-ray diffraction on polyethylene. They noticed that quenching from high temperatures causes 
rapid recrystallization and changes of lamella thickness. 
A possible explanation of the crystallinity loss of 1-layer AgSCn crystals is presented 
here. Upon their chain melting during the first pulse, gauche defects are introduced into the 
originally all-trans alkyl chains. Only part of the crystallinity reverts back during the following 
quenching due to the kinetic attributes of fast cooling: some gauche conformers do not have 
enough time to relax back to the stable well-defined all-trans conformers. Therefore, only a 
section of the alkyl chain (i.e. an effective chain length) that has all-trans conformation is 
involved in the melting during the next pulse. Given Tm of 1-layer AgSCn decreases as the 
decrease of chain length [27], lamella with a shorter effective chain length after quenching 
should melt at a lower temperature as compared with the as-synthesized AgSC15 crystals with 
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15 all-trans carbon groups in each chain. During the subsequent multiple melting/cooling cycles, 
lamella structure evolves in a repeated sequence of partial recrystallization, melting and partial 
recrystallization. Thus the effective chain lengths at the end of any melting/cooling cycles are 
almost the same. This explains the absence of Tm variation starting from the 2nd pulse (Figure 
3.2b). We infer that during quenching, different alkyl chains in lamella may be recrystallized at 
different rates. This leads to a dispersion of effective chain lengths and they will melt at slightly 
different temperatures within a sample. This explains the broadening of melting peak FWHM 
(Figure 3.2d). The reduction of Hm may also be caused by material desorption. We suggest 
desorption may occur during all the NanoDSC scans. Such desorption has also been observed in 
SAM on Au, which is also a monolayer species.[16] 
3.2.2. Melting evolution of multilayer AgSCn (preliminary results) 
Multilayer AgSCn lamellar crystals with more than 10 layers are also synthesized using 
the vapor-phase method.[34, 35] Figure 3.3a shows the evolution of Cp vs T curves (50 pulses) 
of multilayer AgSC15. We find a second peak appears right after the first pulse and 
simultaneously the main peak shifts to a lower temperature. The height of the newly formed peak 
gradually grows whereas the main peak degrades most dramatically at the second pulse but 
decreases slowly afterwards. Both the position and intensity of the peaks stabilize after tens of 
heating/quenching cycles. Figure 3.3b shows the corresponding change of peak temperatures as a 
function of number of pulse. The purple dashed lines illustrate the Tm of 1-layer AgSCn with 
different chain lengths (n) while dashed lines with other colors represent Tm of AgSC15 with 
various numbers of layers (m), reported in our previous work.[27] We suggest the original 
AgSC15 lamellae transform into a combination of 1-layer and 2-layer crystals during multiple 
pulses, as the measured peak temperatures agree with the Tm of 1-layer and 2-layer AgSC15. 
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The heat of fusion for 1-layer lamella calculated from the peak area increases whereas the one 
for 2-layer crystals decreases accordingly during the first tens of pulses. The total enthalpy of the 
two peaks reaches a constant after about 10 pulses but it is about 15% lower than the original 
melting enthalpy measured from the first pulse, which indicates a crystallinity loss. It seems that 
the amount of material reduced in 2-layer crystals equals the amount of increase in 1-layer 
crystals. The 1-layer Tm data is slightly deviated from the reference line of 1-layer AgSC15. We 
infer that quenching damages the initial registered interfaces between adjacent lamellar layers. In 
some layers, several of the terminal carbon groups change from registered configurations into 
amorphous states (unregistered interfaces), as those observed in polyethylene folding regions 
[44, 45]. Such unregistered interfaces that isolate individual lamella from other adjacent layers, 
forming single layer crystals. These 1-2 terminal amorphous carbon groups (amorphous) 
probably do not contribute to the subsequent melting so that 1-layer AgSC15 after the first pulse 
melts as if it were 1-layer AgSC14 or AgSC13. 
Figure 3.3c and 3.3d show the same melting peak separation phenomenon in multilayer 
AgSC14. The results are quite similar to the ones for AgSC15 except for two aspects: (i) 
AgSC14 multilayer separates into 1-layer and 4-layer species; (ii) the total enthalpy loss is about 
10%. Both the AgSC15 and AgSC14 lamellae share a common product of 1-layer crystal after 
multiple irreversible heating/quenching cycles, but the other product obtained are different. This 
is probably because in odd chain AgSCn, 2-layer interface is preferable, whereas in even chain 
AgSCn, interfaces within 4-layer crystals are more favorable. The higher enthalpy loss of 
AgSC15 (15% vs 10%) indicates a larger amorphous region is formed in odd AgSC15 than in 
even AgSC14. 
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Comparing Figure 3.2 and 3.3, we find that the double peak phenomenon only occurs in 
multilayer AgSCn yet is absent in 1-layer crystals. This eliminates the possibility of any 
instrumentation or compositional reasons that causes this phenomenon. Continued research on 
this project may involve multiple pulse experiments on AgSCn with other number of layers. The 
in situ nature of this new NanoDSC functionality could be helpful to reveal the nature of 
interfaces formed in thiolate crystals. 
3.3. Electrical Annealing 
Electrical annealing is achieved by joule heating using the same hardware as is used for 
the nanocalorimetry fast scanning (Figure 3.1b). It is controlled by a series of current pulses 
applied to the metal film on NanoDSC sensors. The maximum temperature reached by joule 
heating is lower than sample Tm. The annealing temperature is controlled by the magnitude of 
the current and the duration of pulsing time, and the heating rate is extremely fast (>5k K/s). In 
contrast, the other method of annealing used in this work is “furnace annealing”, in which the 
NanoDSC sensors (with samples) are transferred into a vacuum furnace oven where sample 
heating occurs with extremely slow heating rates of less than 1 K/min. Infrared radiation is the 
major path of heat transfer in furnace annealing. Electrical annealing is unique due to its fast 
heating/cooling rates (anneal samples within milliseconds), in situ characteristics (no sample 
transfer between annealing and NanoDSC measurement) and more precisely controlled 
temperature programs (no overshooting of temperature). The broad range of heating rates of the 
electrical annealing technique allows a wide range of annealing schedules. This enables us to 
deconvolute multiple intrinsic thermal processes present in materials (e.g. nucleation vs growth). 
Firstly, electrical annealing is useful as an “annealing” method for materials growth. As 
an example, preliminary results shown in Figure 3.4a illustrate the comparison between the first 
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calorimetric pulses after electrical annealing (124 oC) and furnace annealing (90 oC) on as-grown 
AgSC16 lamellae (Tm=129.8 oC [34]) made from the vapor-phase synthesis method [34, 35]. 
Both annealing temperatures are lower than sample Tm so that only layer crystallization and 
growth occur during annealing and no material melts. The calorimetric parameters for the Cp vs 
T curves are tabulated in table 3.1. 
Based on the size-effect melting, the increase of Tm after annealing infers the pile up of 
as-grown AgSC16 lamellae, forming multilayer crystals.[34] The similarity of Tm and Hm 
between the furnace annealed and the electrical-annealed samples indicates their equivalence, 
though their annealing temperatures are different. Electrical annealing significantly narrows the 
melting peak width to 3.6 oC, which is among the smallest FWHM values we can obtain from 
NanoDSC. This value (3.6 oC) approaches the limit of instrumentation broadening [3, 13] and 
may be a result of a small dispersion of lamellae thickness. In contrast, furnace annealed crystals 
have various thicknesses (relatively large dispersion) as the limited annealing temperature range 
available for layer-control in multilayer samples [27]. Therefore, electrical annealing is 
potentially more accurate in layer-control and is a possible alternative to furnace annealing in 
terms of material growth. 
Secondly, electrical annealing is also an efficient method for thin film recrystallization 
and crystallinity recovery. Figure 3.4b and 3.4c compares the typical temperature profiles of a 
regular calorimetric heating scan and electrical annealing (the cooling curve is plotted based on 
Newton’s Law of cooling [46]). The maximum temperature achieved in the calorimetric heating 
is 197 oC, higher than sample Tm of 1-layer AgSC15; whereas electrical annealing contains 
multiple identical cycles of scans (50 in this study) for annealing with a maximum temperature 
of 110 oC, lower than sample Tm. This allows an accumulation of the effect of recrystallization 
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that occurs during each cooling process of melted AgSC15. The effect of recrystallization can be 
studied by performing a NanoDSC pulse to 197 oC after electrical annealing (Figure 3.4c). 
Assuming that recrystallization is considered to be significant only when the sample temperature 
is larger than 50 oC during cooling, the total recrystallizing time for electrical annealing 
(annealing at 110 oC) with 50 cycles is added up to be 1.1 s. This is much longer than the one 
during multiple pulses to 197 oC, where valid recrystallization only lasts 37 ms during the 
cooling of individual cycle. It is the difference in the maximum temperature (<Tm vs >Tm) of 
these two nanocalorimetry processes that results in the different effects on sample evolution 
(recrystallization vs melting/recrystallization/re-melting). Crystallinity loss induced by multiple 
melting/cooling cycles (Figure 3.2) can potentially be recovered by multiple electrical annealing 
pulses afterwards. 
As an example of crystallinity recovery, Figure 3.4d shows the first Cp vs T curves of 1-
layer AgSC15 after 100 oC (orange) and 110 oC (green) electrical annealing. Comparing with the 
average melting curve for the multiple calorimetric pulses (blue), Tm of the sample gradually 
reverts back and the peak FWHM significantly reduces to that of as-synthesized crystals after 
electrical annealing. However, Hm never recovers as it remains almost the same as that of the 
quenched crystal (blue). A higher annealing temperature yields crystals with a higher Tm and a 
narrower peak width. As expected, the annealed samples degrade back to the typical quenched 
state after any further pulse. Similar results are also observed in the electrical annealing on 
quenched single layer polyethylene.[14] In this case, a controlled temperature ramp rate is 
obtained by incrementally applying discrete, low-current pulses. No multiple thermal cycles are 
used. NanoDSC measurements also showed a recovery of the polyethylene Tm but the Hm is still 
low. 
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3.4. Cooling Mode 
The cooling mode is developed in NanoDSC in order to monitor the temperature change 
of samples during passive cooling. This is achieved by coupling a tunable cooling resistance in 
parallel with the tunable heating resistance and a MOSFET switch is used to selecting between 
the heating (pulsing) mode and the cooling mode, as is shown in the circuit diagram of 
NanoDSC in Figure 3.1b. The principle of the cooling mode is to use a small current to measure 
the sample temperature at real-time. This current is about 1-5 mA, 10 times smaller than a typical 
pulsing current (10-50 mA [3]). Therefore, the tunable cooling resistance is usually more than 10 
times larger than the tunable heating resistance (e.g. 6 kΩ vs 600 Ω).  
10 nm indium thin film (deposited by thermal evaporation) is used as a standard example 
for cooling experiment. Figure 3.5a shows the current vs time profile for the entire 
heating/cooling cycle to about 220 oC. The duration of the heating trace is much shorter (5k-200k 
K/s) than that of the passive cooling trace (~104 K/s). The switch between the heating and 
cooling resistance is activated at t=6 ms in this case for an automatic mode switch. Figure 3.5b 
shows the temperature-dependence of the time-derivative of differential voltage (between sample 
and reference sensors), which is proportional to the real-time heat capacity [2, 3]. It shows that 
this indium film presents a solidification temperature at 132.91 oC under the fast passive cooling, 
and it is about 24 oC lower than the Tm of bulk indium. 
Notably, the signal-to-noise ratio (SNR) of cooling curve (Figure 3.5b) is much smaller 
than that of a regular heating trace.[1-3] For example, a typical standard deviation (STDEV) of 
d(ΔV)/dt for the heating trace is about 0.82 V/s whereas that of cooling trace is 2.35 V/s (Figure 
3.5c). This is caused by two major reasons. Firstly, the total circuit resistance is more than 10 
times larger, and thus the current is much smaller, in cooling mode than that of pulsing mode. 
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Thereby, the thermal noise (Johnson-Nyquist noise [47-51]) of the cooling mode is about 
/cooling pulsingR R   times that of the pulsing mode. Secondly, heat loss through sensor lateral 
thermal conduction and infrared radiation is almost the same for a specific heating or cooling 
rate. Considering the total circuit power consumed during cooling is about 10 times (
/ ~ 0.1cooling pulsingI I , / ~ 10cooling pulsingR R ) smaller than the power cost in heating, the heat loss is 
comparable or even larger than the power of cooling whereas it is negligible during heating 
(Figure 3.5d). This makes the heating mode an adiabatic process yet the cooling mode is not. The 
relatively large SNR can potentially be overcome by the optimization of sensor design or the 
introduction of stage cooling to replace passive cooling. However, at this stage we cannot 
precisely derive the Cp of samples during cooling but use the temperature-dependence of the 
time-derivative of differential voltage to represent heat capacity. 
Cooling mode measurements has been used to investigate the solidification properties of 
multilayer and 1-layer AgSC15 crystals, as respectively shown in Figure 3.5e and 3.5f. 
Multilayer AgSC15 solidifies at 105.17 oC, which is about 31 oC lower than its Tm. Double peak 
splitting is not observed during multilayer cooling, although it is observed in the subsequent 
reheating (see section 3.2.2). However, we cannot eliminate the possibility that the second split 
peak is buried in the noisy background. This might also be the reason for the absence of 
solidification peak during the cooling of 1-layer AgSC15. 
The current setup for cooling experiment is instructive but has its limitations. Future 
modifications of the cooling mode include the increase of SNR as well as incorporating 
changeable cooling rates. This functionality will make nanocalorimetry a more powerful and 
comprehensive technique for thin film characterization.  
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3.5. Temperature Hysteresis observed in In situ 4-point Resistance Measurement 
The in situ 4-point resistance measurement system developed in our group is initially 
used to calibrate the temperature coefficient of resistance (TCR) for NanoDSC sensors. 
Calibration is performed in the temperature range of 25 oC to 350 oC with a heating ramp of 
~54 oC/h and a subsequent ambient cooling. Figure 3.6a and 3.6b present the typical R vs T plots 
of Pt-metallized (50 nm) and Al-metallized (50 nm) sensors, respectively, with heating (red) and 
cooling (blue) traces. The obtained TCR values of Pt and Al thin films are different from their 
bulk counterparts for several reasons [5]: (1) the impurity levels are different in thin film and 
bulk systems; (2) size effect resistivity (different mean free path) dominates in thin film samples 
as they have smaller grain sizes/thicknesses and thus more boundary scattering of electronic 
carriers; [52-54] (3) thin films are more easily affected by the thermally induced biaxial stress 
due to the difference in the thermal expansion coefficients of the substrate and the film (strain 
gauge effect [55]). A negligible temperature hysteresis of about 0.15% between heating and 
cooling traces is detected in Figure 3.6a and 3.6b. This hysteresis is not a concern for the small 
and thin membrane films used in NanoDSC sensors. However, this problem cannot be avoided 
when the in situ resistance measurement system is applied to measure the TCR of general 
electronic thin films with thicker and larger sizes. 
The originality of the temperature hysteresis is investigated by isolating different 
concerned variables during the measurements. 500 nm Al films deposited using thermal 
evaporation on quartz substrates are employed as samples. A standard resistance temperature 
detector (RTD) is used to monitor the temperature of the vacuum chamber. 
Firstly, changing either the magnitude (0.1 mA, 1 mA, 10 mA) or the direction of current 
applied for measuring resistance does not change the degree of hysteresis. This eliminates the 
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possibilities of self-heating and induced EMF (by local heating or Seeback effect) in leading to 
the hysteresis. 
Secondly, the degree of hysteresis is reduced from 5% to 2% as the heating rate of the 
measurement decreases from 120 oC/h to 20 oC/h, with a same 10 mA applied current. This result 
is visualized by comparing Figure 3.6c and 3.6d. 
Thirdly, the degree of hysteresis is reduced from 3.5% to 2% as the sample lateral 
dimension shrinks from 2.9 cm2 to 1.0 cm2, with same 10 mA applied current and 50 oC/h 
heating ramp. This result is visualized by comparing Figure 3.6e and 3.6f and infers that 
temperature hysteresis strongly depends on the total thermal mass. This explains the fact that 
sensors with much thinner membranes are absent of hysteresis. 
In summary, temperature hysteresis is probably caused by the difference between the 
measured RTD temperature and the sample temperature, although the samples and the RTD are 
physically close to each other. A faster heating rate results in a more non-uniform temperature 
distribution in the chamber; samples with a larger thermal mass have a slower response to the 
environmental temperature change. Therefore, under these two circumstances, temperature 
difference between the sample and the RTD is reasonably large with an observable hysteresis. 
Possible solutions to this problem include further decreasing the physical distance between 
sample and RTD and using the cooling curve (passive cooling is slow) to determine film TCR. 
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3.6. Figures and Table 
 
 
Figure 3.1.   (a) Bottom-view, cross-section and top-view schematics of the nanocalorimetry 
sensor and the 4-point probe setup. Si substrate: 500 µm thick; silicon nitride 
membrane: 100 nm thick; metal film: 50 nm thick; metal strip directly above 
sample: 0.5 mm wide. (b) Circuit diagram of differential mode nanocalorimetry. 
The region inside the red dashed box refers to Sample Sensor while the region 
inside the blue dashed box refers to Reference Sensor. RIS and RIR are the current 
determination resistance in the sample circuit and reference circuit, respectively. 
Heating rate is precisely controlled by adjusting RAS and RAR values. The 
switches shown can be changed between regular pulsing mode and cooling mode. 
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 Figure 3.2.    (a)-(d) show the real time evolution of Cp vs T curves, Tm, Hm and melting peak 
FWHM during 50 pulses of 1-layer AgSC15, respectively. The inset of (d) shows 
the peak FWHM of the first pulse for all 1-layer AgSCn crystals (n=7-16). (e)-(f) 
show the calorimetric curves of the first pulse (red) and the average curve (blue) 
of the subsequent 50 or 100 pulses for 1-layer AgSC15 and polyethylene, 
respectively. 
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 Figure 3.3.   (a) and (c) show the real-time evolutions of Cp vs T curves during multiple 
nanocalorimetry pulses for multilayer AgSC15 and AgSC14, respectively. (b) and 
(d) show the evolutions of double-peak temperatures during multiple 
nanocalorimetry pulses in multilayer AgSC15 and AgSC14, respectively. The 
former crystal separates into 1-layer and 2-layer species whereas the latter one 
transforms into 1-layer and 4-layer lamellae. The dashed lines represent the 
corresponding Tm of AgSCn with various chain lengths (n) and numbers of layers 
(m). 
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 Figure 3.4. (a) NanoDSC calorimetric curves for as-grown AgSC16 crystals (black), 
multilayer AgSC16 samples after furnace annealing to 90 oC (red curve) and after 
electrical annealing to 124 oC (blue curve). (b) The T vs t profile (heating: red 
curve; cooling: blue curve) for a NanoDSC scan (Tmax=197 oC > Tm) to measure 
the melting properties of 1-layer AgSC15 crystals. (b) 50 identical NanoDSC 
scans (Tmax=110 oC < Tm) for electrical annealing, as is shown in the pink region 
(heating: red curve; cooling: green curve). A NanoDSC scan to Tmax=197 oC after 
electrical annealing is employed to determine the melting properties on electrical-
annealed samples. The black dashed lines in (b) and (c) represent the Tm of the 
sample (119.24 oC). The heating profile in both processes ((b) and (c)) are 
measured using the same heating rate of 50,000 K/s. Passive cooling profiles ((b) 
and (c)) are estimated from Newton’s Law of cooling using an initial cooling rate 
of ~104 K/s. (d) NanoDSC Cp vs T curves for 1-layer AgSC15: the blue curve 
refers to the average curve of the 50 multiple calorimetric pulses (same as the blue 
curve in Figure 3.2e); the orange and green curves refer to the first pulse after 
100 oC and 110 oC electrical annealing, respectively. 
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 Figure 3.5. (a) I vs t profile for a typical cooling mode experiment. (b) d(ΔV)/dt vs T profile 
that shows the solidification of a 10 nm indium film measured using cooling 
mode. (c) The STDEV of a blank sensor experiment tested using cooling mode. 
(d) Plot compares the powers cost in the pulsing and cooling modes with the heat 
loss. (e) and (f) show the d(ΔV)/dt vs T plots indicate the solidification of 
multilayer and 1-layer AgSC15 crystals, respectively, measured by cooling mode.  
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 Figure 3.6. R vs T curves during heating/cooling cycles of (a) 50 nm Pt-metallized NanoDSC 
sensor, (b) 50 nm Al-metallized NanoDSC sensor, and (c)-(f) 500 nm Al films. (c) 
and (d) compares the effect of heating rate on the degree of temperature 
hysteresis. (e) and (f) compares the effect of sample dimension on the degree of 
temperature hysteresis.   
43 
 
Curves in Figure 3.4a Tm (oC) Hm (µJ) FWHM (oC) 
Furnace anneal to 90 oC 133.8 3.59 9.0 
Electrical anneal to 124 oC 134.1 3.59 3.6 
Table 3.1. Comparison between the effect of furnace annealing and electrical annealing on 
as-grown AgSC16 crystals. 
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CHAPTER 4 
SYNTHESIS AND CHARACTERIZATION OF HIGHLY-ORDERED SILVER 
THIOLATE WITH ULTRA-SHORT CHAIN LENGTHS 
Approaching the ultimate limits of material sizes provides a route of designing new 
functional materials with extraordinary properties. This chapter reports the first systematic 
synthesis and characterization study of a wide range of highly ordered silver alkanethiolate 
(AgSCnH2n+1 or AgSCn, n=1-16) aliphatic lamellae. Single crystalline multilayer AgSCn are 
synthesized by a modified solution reaction method. Hot toluene recrystallization or Ostwald 
ripening enhances the structural ordering of the lamellar crystals. This method approaches the 
chain-length-limit of the aliphatic lamellae by synthesizing highly ordered AgSCn (n=1-3) with 
extremely short chains. All lamellae form single crystals with well-registered interlayer 
interfaces, similar to other alkyl-based lamellae but different from polyethylene lamellae. AgSC2 
with a layer thickness of 1.08 nm is the thinnest organometallic layer ever reported. The 
composition, morphology, decomposition and structure of the lamellae are comprehensively 
studied. A new method quantifies the composition of the residual Ag and Ag2S contents after the 
decomposition of AgSCn: all of the Ag, none of the C and a fraction of the S remain in the 
residue. The structural orderings of AgSCn crystals are characterized in terms of chain 
conformation, interlayer lamellar ordering and intralayer lattice ordering, which is probed by 
electron diffraction for the first time. All AgSCn (n=2-16) layers, except AgSC1, possess a 
common lattice packing and a same structure of the inorganic network. This chapter is the basis 
of the whole thesis as it develops a method to prepare the high-quality materials used by the 
following chapters.  
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4.1. Introduction 
As a “golden nugget” for nanoscience, materials exhibit extraordinary properties when 
their dimensions approach ultimate scale limits. Graphene shows remarkably high electrical 
conductivity as compared with its “multilayer parent”, graphite.[1, 2] Indium nanoparticles show 
discrete “magic size” melting when their radii are smaller than 10 nm.[3, 4] Quantum-size effect 
predicts the opening of band gaps in metal particles with decreased sizes.[5]  
Metal-thiolate lamellae [6-30] are currently of increasing scientific and technological 
interests, arisen from the other two more widely studied organometallic systems: self-assembled 
monolayers (SAM) [31-35] and monolayer protected clusters (MPC or 3D SAM) [36-39]. The 
two-dimensional (2D) nanoconfinement of metal-aliphatic layers is fostering potential 
applications in lithography [40], Nanoelectronics [41], biophysics [42] and liquid crystals [7].  
Size-dependent melting of silver alkanethiolate (AgSCn) layers has been recently studied 
for species with n≥7.[25] However, extremely thin AgSCn sheets with ultra-short chain lengths 
(n≤6, especially n=1-3), where nontrivial properties might occur, is rarely studied. It is difficult 
to synthesize these crystals with highly ordered lamellar structures. This work is inspired by the 
well-known strategy of approaching graphene from graphite by exfoliating carbon layers.[1, 2] 
In a close analogy with exfoliation, a gradual shortening of aliphatic chain length in AgSCn 
opens a route toward the lamella-thickness-limit of organometallic layers, as illustrated in Figure 
4.1. This methodology paves the way toward the species (e.g. AgSC1, AgSC2) that have unique 
properties at ultimate scales. This top-down strategy might eventually yield a novel 2D Ag-S 
sheet, similar to the 2D materials of transition metal dichalcogenides.[43]  
A single layer AgSCn is composed of a 2D Ag-S central plane with fully extended alkyl 
chains on both sides (Figure 4.1).[6, 17, 24] Within a layer (intralayer), parallel chains interact 
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with each other via van der Waals forces. Multiple 1-layer crystals can stack into multilayer 
lamellae, with interlayer van der Waals forces connecting adjacent layers, forming interfaces. 
AgSCn lamellae is essentially a member of 2D van der Waals layered materials [44], among 
which graphene [1], MoS2 [45] and Bi2Se3 [46] are some typical examples of growing interest. 
AgSCn lamellae have been synthesized by two routes. Method-1: solution reaction 
between metal salt and alkanethiols, initiated by Dance et al. [6]; Method-2 (vapor-grown 
method): surface reaction between silver clusters and thiol vapors, developed by Hu et al.[21, 24] 
Their products are equivalent in terms of composition, morphology, lamellar structure and chain 
conformation. Most of the lamellae studied so far were long chain AgSCn with n≥7 [9, 13, 16, 
17, 25, 29]. Levchenko et al.[17] dramatically improve the crystallinity of lamellae via hot 
solution recrystallization. However, highly ordered layers of short chain species (n<7) have 
never been obtained and characterized, let alone ultrathin lamellae of AgSC1 and AgSC2 with 
extremely short chains. The only reported short chain AgSCn (n=3, 4, 6) lamellae [6, 8] possess 
relatively low orderings, as compared with the recrystallized long chain crystals [17]. Short chain 
metal-thiolates tend to form crystals with disordered interlayer interfaces.[18] Such examples 
also include short chain gold alkanethiolates (AuSCn, n=2-7) [18], palladium alkanethiolates 
(Pd(SCn)2, n=4, 6) [15] and Nickel alkanethiolates (Ni(SCn)2, n=4) [19]. 
This chapter reports the first systematic synthesis and characterization of a wide range of 
highly ordered AgSCn (n=1-16) that include both short and long chain lamellae of either chain 
parity. It completes the study of AgSCn family by probing species that are missed in prior 
works.[6-9, 11-13, 16, 17, 21, 24, 25, 29] A new synthesis pathway improves the structure 
ordering of the crystals. AgSC1 is the first obtained well-ordered aliphatic lamellae with only 
one carbon attaching the inorganic backbone. AgSC2 is the thinnest organometallic layer ever 
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reported. The composition, morphology and decomposition of AgSCn are comprehensively 
characterized. The structures of the lamellae are studied in terms of aliphatic chain conformation, 
interlayer lamellar registration and intralayer lattice ordering. This work is instructive for 
studying the structure of biological membranes [42, 47], single layer electronics [24, 41] as well 
as synthesis method using thiolate as intermediate reagents [23].  
4.2. Material Synthesis and Characterization 
4.2.1. Novel synthesis method for AgSCn (n=1-16) 
Materials: The following chemicals are purchased from Sigma-Aldrich Co. and used 
without further purification: silver nitrate powder (AgNO3, ≥99.0%), acetonitrile (99.8%), 
triethylamine (≥99.0%), sodium methanethiolate (NaSCH3, ≥95%) and 1-alkanethiols with 
various chain lengths (1-CnH2n+1SH, n=2-16, except for n=13, ≥98%). Toluene (≥99.5%) is used 
as received from Macron Fine Chemicals Co. 
Synthesis: Multilayer AgSCn (n=1-16) crystals in this work are synthesized using a 
modified solution reaction method (Method-3). The original solution synthesis pathway 
(Method-1) has been employed to synthesize various metal-thiolates.[6, 10, 15, 18, 20] Method-3 
has two critical modifications as compared with Method-1, leading to more complete reactions: 
(1) the molar ratios of the starting AgNO3 and thiol source (1-CnH2n+1SH or NaSCH3) are set to 
be 1:2 (i.e. excess thiols), rather than equimolar; (2) the reaction time is extended to be about 24 
h. AgSCn (n=2-16) crystals precipitate out when gradually adding an AgNO3 (1 mmol) 
acetonitrile (15 ml) solution, at a rate of 1 ml/min, into another acetonitrile (30 ml) solution of 1-
alkanethiol (2 mmol) and trimethylamine (2 mmol). The mixture is stirred for 1 day without light 
exposure. The precipitates are separated from the liquid phase using vacuum filtration and 
washed with acetonitrile (~5 ml) for 2-3 times. AgSC1 is synthesized by gradually adding 45 ml 
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acetonitrile and 2mmol trimethylamine into the solid mixture of AgNO3 and NaSCH3 salt, 
instead of gaseous CH3SH.[48] The mechanism of the synthesis is suggested elsewhere [17] and 
the overall reactions are expressed as follows: 
AgNO3 + CnH2n+1SH + (C2H5)3N  AgSCnH2n+1 (n=2-16)↓+ [(C2H5)3NH]NO3 
AgNO3 + NaSCH3  AgSCH3↓+ NaNO3               
Inspired by the post-reaction recrystallization method used for long chain AgSCn (n≥10) 
[17], all precipitates in this work are recrystallized or Ostwald ripened in hot toluene. Less than 
10 ml toluene (b.p. 111 oC) at 100-105 oC easily dissolve 1 mmol as-synthesized AgSCn (n=4, 6-
16) within seconds, forming transparent yellow solutions. However, the same amount of AgSCn 
(n=1-3) stays as precipitates and AgSC5 only forms suspension (translucent), respectively, in 
toluene under the same conditions. Vigorous stirring of these two-phase mixtures for 5-10 min 
stimulate Ostwald ripening of the crystals (n=1-3, 5). Both solutions (n=4, 6-16) and mixtures 
(n=1-3, 5) are passively cooled down to room temperature. Precipitated crystals are filtered, 
washed in acetonitrile and dried in air overnight. All the final AgSCn (n=2-16) crystals are white 
powders, except that AgSC1 is yellow. 
4.2.2. Characterization of AgSCn (n=1-16) 
Elemental analysis (at Noyes Lab): The contents of C and H in AgSCn are characterized 
in an Exeter Analytical CE 440 CHN Analyzer. The contents of Ag and S are measured in a 
PerkinElmer 2000DV optical emission spectrometer with Inductively Coupled Plasma. 
Scanning Electron Microscopy (SEM): The morphology of AgSCn crystals is studied by 
a Hitachi S4700 SEM with an accelerating voltage of 15 kV and high-resolution mode. Au 
nanoparticles are sputtered (30 s) on the powders beforehand for contrast improvement. 
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Thermogravimetric Analysis (TGA): The decomposition properties of AgSCn are studied 
in a TA-Q50 TGA analyzer. All the experiments are conducted under N2 atmosphere from room 
temperature to 500 oC, with a heating rate of 10 oC/min. 
Powder X-ray Diffraction (XRD): Powder XRD measurements are done in a Siemens 
D5000 diffractometer using Cu-Kα radiation (λ=1.5418 Å, 40 kV, 30 mA). XRD patterns are 
acquired by 2θ scanning at a rate of 1o/min and a step size of 0.02o. Samples are packed in a well 
of a standard sample holder. The raw patterns are fitted via JADE-9 X-ray analysis software. 
Interlayer spacings of lamellae are automatically calculated using Bragg’s Law. 
Fourier Transform Infrared Spectroscopy (FTIR): The conformational order of alkyl 
chains in AgSCn are studied by a Thermo Nicolet Nexus 670 FTIR. Samples are prepared by 
drop-casting AgSCn-acetonitrile suspensions on Si substrates. Absorbance spectra (1175-3100 
cm-1) are collected with a spectral resolution of 2 cm-1 and the signal-to-noise ratio is enhanced 
by averaging over 128 scans.  
Transmission Electron Microscopy (TEM) and Selected Area Electron Diffraction 
(SAED): A JEOL 2100 TEM is employed at 200 kV to study the morphology as well as the 
single crystal electron diffraction of AgSCn. AgSCn-acetonitrile suspensions (2-6 mmol/L) are 
drop-casted on holey carbon membranes for sample preparation. Beam current is set very low 
(~1-2 pA/cm2) to slow down the degradation of AgSCn crystals under e-beam exposure.[21]  
Differential Scanning Calorimetry (DSC): The melting properties of AgSC3 and Ag2S 
powders are measured using a PerkinElmer Standard Single-Furnace DSC-4000 with aluminum 
sample pans. The heating and cooling rates are set to be 10 oC/min. The instrument is calibrated 
using indium and zinc.[29] Experiments are conducted in a N2 environment. The heat capacity 
(Cp) of the sample is calculated by dividing the heat flow over scanning rate. The obtained 
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calorimetric curves are used to determine the melting temperature (peak position) and melting 
enthalpy (peak area) of the samples. 
4.3. Composition and Morphology of Thiolates 
Mass fractions of C, H, Ag and S in the thiolates, determined by elemental analysis, are 
consistent with the formulae AgSCnH2n+1 (n=1-16) within experimental errors (Table 4.1 reports 
the raw data of composition; C: ±0.4%, H: ±0.2%, S: ±0.9%, Ag: ±2%). The composition of 
AgSCn is visualized in Figure 4.2. The sum of the percentages of the four elements is 100±2% 
for each sample, indicating that pure AgSCn crystals are formed. No N (<0.1%) is detected, 
which eliminates possible contaminations of the products by the nitrate, solvent (CH3CN) or 
trimethylamine. The purity of our products is similar to that of AgSC12 and AgSC4 synthesized 
from Method-1. 
SEM images of AgSCn lamellae are illustrated in Figure 4.3 (n=1-16). All images show 
clearly recognized nanosheets with low aspect ratios and well-defined crystal facets and shapes. 
Some flakes are thin enough to be transparent. The estimated sheet thicknesses are 100-500 nm. 
In contrast, the lamellar morphology of AgSC12 layers synthesized from Method-1 is reported to 
be unrecognizable, as crystals aggregate into bulky chunks.[9] Our synthesis route prevents 
crystal aggregation such that large single crystals are easily separated. 
Notably, Figure 4.3b shows two perpendicularly grown AgSC1 flakes, which is not 
observed for other AgSCn species. This is the evidence of the uniqueness of AgSC1 lattice 
packing discussed in section 4.8.2. This regular growth has potential applications in forming 
graphitic nano-cages, rectangular parallelepipeds or cubes. The topology of carbon materials 
governs their physical properties. Novel cages formed by AgSC1 with perpendicular geometries 
open opportunities for exotic characteristics. 
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4.4. Post-reaction Processing of AgSCn 
Post-reaction processing in hot toluene enhances lamellar ordering of AgSCn, as 
suggested by Levchenko et al [17] for n≥10 and reproduced in this work for a broader range of 
chain lengths (n=1-16). 
Figure 4.4a and 4.4b reveal the effect of hot toluene processing on the crystallinity of 
AgSC7 (recrystallization) and AgSC3 (Ostwald ripening), respectively. Sample preparation 
ensures the validity of similar volume (mass) assumption necessary for quantitative analysis. 
XRD (0k0) reflections of as-synthesized and hot toluene processed AgSCn show equal layer 
spacings, but their patterns have several major differences (Table 4.2): (1) the Full-Width-Half-
Maximum (FWHM) of the (0k0) lamellar peaks is narrower for the recrystallized or ripened 
samples, which, based on the Scherrer Equation, indicates that the hot toluene processing 
promotes layer stacking and helps form thicker crystals; (2) integrated intensity of (010) peak 
increases by more than 10 times after recrystallization (AgSC7) and slightly (by 1.6 times) after 
Ostwald ripening (AgSC3); (3) more orders of (0k0) diffractions with better signal-to-noise ratio 
are observed for the recrystallized or ripened crystals. The larger increase in the crystallinity of 
AgSC7 (Figure 4.4a) as compared with that of AgSC3 (Figure 4.4b) is expected since AgSC7 
dissolves in hot toluene while AgSC3 does not (see section 4.2.1). 
Given the material amount and the experimental setup that is used in this work, the 
integrated intensity of specific XRD peaks is proportional to the effective volume of crystalline 
materials in the powder sample.[49] Therefore, recrystallization or Ostwald ripening increases 
the total portion of well-crystallized lamellar structures that produce strong (0k0) signals. Prior 
works [50-52] mentioned that reduced diffraction intensity and number of orders are indicators 
of increased layer thickness fluctuations, and the higher-order peaks are more sensitive to such 
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fluctuations. We infer the recrystallized or ripened AgSCn lamellae have smaller layer 
roughness, and thus adjacent layers are well-registered at interlayer interfaces, as compared with 
that of as-synthesized samples. 
4.5. Synthesis of Well-ordered AgSC1 and AgSC2 Lamellae 
Due to the difficulty of controlling CH3SH gas (all other alkanethiols are either liquid or 
solid at room temperature), NaSCH3 is employed alternatively as the thiol source for 
synthesizing AgSC1. The use of alkanethiol or its corresponding sodium salt is equivalent as a 
reactant. To prove this conclusion, a control experiment has been done to compare AgSC3 
lamellae synthesized from either C3H7SH or NaSC3H7. The products are found to be equivalent 
in terms of composition, lamellar structure, morphology and melting properties. 
Figure 4.5 and Figure 4.6 illustrate the XRD (0k0) lamellar reflections of short chain 
(n=1-5) and long chain AgSCn (n=6-16), respectively. Unlike AgSCn with n=2-16, the pattern of 
AgSC1 shows many peaks other than (0k0) reflections. These peaks might be attributed to the 
(hkl) peaks of the compound. We only tentatively label the (010), (020) and (040) peaks in 
AgSC1 whereas the indexing of the other peaks require more verifications. AgSC1 (11.94±0.01 
Å) is the first studied thiolate lamellae with only one methyl group attached to the inorganic 
backbone, whereas AgSC2 lamellae have the thinnest layer thickness of 10.77±0.01 Å among 
AgSCn family. To our knowledge, 1.08 nm is the thinnest organometallic lamellae ever reported. 
As comparison, the thinnest species of other studied organometallic layers are as follows: AuSCn 
(n=4, tmin~1.6 nm) [18], Pd(SCn)2 (n=6, tmin~1.8 nm) [15, 41], Ni(SCn)2 (n=4, tmin~1.4 nm) 
[19], copper alkanethiolate CuSCn (n=4, tmin~1.6 nm) [10], silver arenethiolate (AgSPh, tmin~1.4 
nm) [6] and silver carboxylate AgO2CCn-1H2n-1 (n=2, tmin~2.1 nm) [53]. Layer thickness of 
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AgSC2 is also smaller than that of AgSC1, due to their different lattice packings (see section 
4.7.2 and 4.7.3). 
All the diffraction patterns (Figure 4.5 and 4.6) with n=2-16 present 7 or more lamellar 
peaks, even AgSC1 shows 5 orders of lamellar diffractions. Extremely short chain thiolates with 
highly ordered lamellar structures are usually difficult to synthesis. The only reported XRD 
results for short chain AgSCn (n=3, 4, 6) [6, 8] show at most 4 orders of lamellar reflections. 
Similar XRD analysis was reported for AuSCn [18], Pd(SCn)2 [15] and Ni(SCn)2 [19], whose 
layer orderings decrease significantly as chain length decreases. These short chain thiolates (Au, 
Pd, Ni) are claimed to have rougher interfaces with poorer interlayer registry than their long 
chain counterparts. In contrast, our synthesis produces AgSCn with highly ordered 
interfaces over the entire range of chain lengths (n=1-16). 
4.6. Thermal Decomposition of Thiolates 
TGA curves are illustrated in Figure 4.7a for both short and long chain AgSCn (n=1-6, 8, 
11, 15). All the lamellae show similar irreversible decomposition profiles with onset 
temperatures (Tonset) between 210-230 oC. This result is consistent with other researchers’ work 
on long chain AgSCn (n=10, 12, 16, 18), where Tonset=~220 oC.[17] But they did not report a 
Tonset trend due to the limited range of chain length investigated. We found a slight but 
progressive increase of Tonset as chain length increases (n=1-16). This trend is attributed to the 
increase of cohesive interactions among alkyl groups as chain length increases,[17] and agrees 
with the reported data on the decomposition of AuSCn [18].  
Residue materials after TGA are mixtures of Ag and Ag2S. Unlike Garcia-Barrasa et al’s 
work [23], no di-n-alkyldisulfide lamellae is observed in the residue. This conclusion agrees with 
prior results [17] and is verified by XRD (Figure 4.7b), where reflection peaks of Ag (111), Ag 
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(200), Ag2S (1�12) and Ag2S (121) are observed. Ag2S is also identified by DSC measurements 
of the residues, as is shown in Figure 4.7c for AgSC3. The 1st heating trace shows its melting 
peak (~190 oC) and the decomposition range beyond 210 oC. Subsequent DSC traces present the 
phase transition of residual materials. Peaks at 174 oC of the 1st cooling trace and at 179 oC of the 
2nd heating trace are observed (5 oC of supercooling). This peak agrees with that of solid-solid 
phase transition between room-temperature-stable α-Ag2S (acanthite) and high-temperature-
stable β-Ag2S (argentite), and is measured by earlier works to be 176-180 oC.[54-56]  
The Ag and Ag2S contents in the residue are calculated by two methods. The first method 
directly computes their ratio from the weight loss determined by TGA (e.g. AgSC3 residue: 
49.9% Ag, 51.1% Ag2S). The second method estimates the Ag2S content from the measured 
enthalpy of the solid-solid phase transition in Figure 4.7c (e.g. AgSC3 residue: 49.1% Ag, 50.9% 
Ag2S). The molar enthalpy of commercial Ag2S is measured to be 4.20±0.03 kJ/mol under the 
same DSC conditions as that of AgSCn (Figure 4.7d). The results of both methods are consistent. 
It is the first time decomposition residues of metal-thiolates are quantified. 
We conclude that the decomposition of solid-state AgSCn is accompanied by the 
cleavage of S-C and Ag-S bonds, leaving all of the Ag, part of the S and none of the C in the 
residue (Figure 4.7e). In the case of AgSC3, ~23% of the S content remains in the residue. 
However, Ag2S is absent under some other decomposition conditions.[23]  
4.7. Structures of AgSCn 
Structures of AgSCn (n=1-16) in this work possess a highly ordered molecular 
arrangement, even for extremely short chain species. Such ordering is systematically 
characterized in terms of alkyl chain conformation, interlayer lamellar registration and intralayer 
lattice ordering. 
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4.7.1. Conformational order of polymethylene chains 
FTIR is employed to study the chain conformational order of AgSCn lamellae, following 
prior works.[11, 12, 21] Figure 4.8a shows the FTIR spectra of AgSCn (n=1-16) crystals for the 
C-H stretching region (2750-3000 cm-1). Peak positions of CH2 stretching modes are sensitive 
indicators of chain ordering.[57-59] The symmetric (νs(CH2), d+) and anti-symmetric (νas(CH2), 
d-) stretching modes of CH2 groups are located at 2845-2851 cm-1 and 2915-2920 cm-1, 
respectively, for n=4-16, indicating all-trans extended polymethylene chains. Based on prior 
works [60-64], the d+ and d- peaks shift to 2854-2856 cm-1 and 2924-2928 cm-1, respectively, 
when the population of gauche conformers increases. Analogous to the CH2 stretching spectrum 
of 3D-SAM (n=3) [59], no d+ but only d- mode (2923 cm-1) is observed for AgSC3. AgSC3 
shows more gauche defects along the chains than that of AgSCn (n=4-16). No trans or gauche 
conformer is defined for AgSC1 and AgSC2. 
The integrated intensity ratio of d- and d+ peaks is an indicator for chain disorder.[14, 60-
62, 65] An increasing ratio of I2915/I2845 (Id-/Id+) implies a decreasing conformational order. 
Figure 4.8b compares this ratio as a function of chain length between AgSCn (n=4-16) and 
CuSCn (n=4-18).[14] Our crystals present a higher conformational order than that of CuSCn 
lamellae at given chain lengths. 
Two additional peaks observed at 2860-2875 cm-1 and 2950-2960 cm-1 belong to the 
symmetric (r+) and asymmetric (r-) stretching modes of CH3 groups, respectively.[11, 14, 64, 
66] The intensity of these peaks relative to that of d+ and d- modes reduces as chain 
length increases, due to the decreasing percentages of CH3 groups. The r+ peaks are 
almost buried in the shoulder of d+ peaks for n>7. AgSC1 only shows one major signal at 
2889 cm-1, which is suggested as the CH3 symmetric stretching peak (r+). A similar peak 
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is observed for methanethiol absorbed on Ag surface at 2908 cm-1, which is 40 cm-1 red-
shifted from that of CH3SH.[48] Table 4.3 lists the peak locations of all C-H stretching 
modes for the AgSCn (n=1-16) studied in this work. 
Figure 4.8c shows the FTIR low frequency spectra (1175-1350 cm-1) of AgSCn (n=1-16) 
crystals. This region of methylene wagging (Wx) mode is widely used to estimate the average 
number (x) of CH2 groups in the trans sequence of an alkyl chain.[11, 12, 18, 20, 67, 68] The 
inter-band spacing (Δν) of this progression series is measured. Δν is related to x by the following 
equation:  
326
1x
υ∆ =
+
  (4.1) 
The calculated trans segment length, in terms of number of CH2 units (x), for each 
AgSCn (n=3-16) is plotted in Figure 4.8d. The black dashed line (x=n-1) represents the case 
where the entire chain is in trans conformation. It fits the experimental data well, indicating the 
entire length of AgSCn (n=3-16) chains are in trans conformations. This calculation is not 
applied to AgSC2 and AgSC1 where no trans configuration is defined. 
A 1303 cm-1 peak (not shown) observed for AgSC1 is assigned to the symmetric 
deformation mode of CH3.[48] A peak (not shown) at 1420±3 cm-1 observed for all AgSCn 
(n=1-16) is assigned to the deformation of S-bonded CH2 or CH3 groups.[59, 69]  
As a conclusion, AgSCn (n=4-16) lamellae synthesized in this work possess fully-
extended all-trans alkyl chains. 
4.7.2. Intralayer lattice ordering 
SAED analysis is used to evaluate the degree of ordering for both intralayer and 
interlayer structure of this material system. To our knowledge, it is the first reported analysis for 
any metal-thiolates. 
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Figure 4.9a-d selectively shows the TEM images of AgSC1, AgSC2, AgSC3 and 
AgSC15, respectively. Similar to the TEM images of AgSC16 reported in a previous paper,[23] 
all species in this work present nanosheet morphology with well-defined facets and shapes of 
lamellar crystals, in agreement with those observed by SEM (Figure 4.3). Each flake represents a 
single crystalline multilayer AgSCn. The direction of e-beam is perpendicular to the lamellar 
plane of (0k0) with zone axis of [010], as shown in the inset of Figure 4.9d. 
This material is highly susceptible to e-beam damage. Thus we must use a short beam 
exposure time (<20 s) and a low beam current (~1-2 pA/ cm2) in order to obtain the undamaged 
intrinsic properties of the sample.[21] The progression of damage, which eventually leads to an 
amorphous SAED pattern, due to e-beam exposure is shown in Figure 4.10a. Practically, e-beam 
was employed as an alternative to thermolysis [20] for decomposing metal-thiolates into metal 
nanoparticles.[70, 71]  
The presence of single crystal diffraction patterns indicates that the intralayer structures 
of AgSCn are highly ordered. SAED patterns shown in Figure 10c and 10e are, respectively, 
taken from the images in Figure 10b and 10d, which are different locations on a same individual 
lamellae flake. Both patterns can exactly overlap with each other, which verifies the single 
crystalline nature of the nanosheets in this study. 
Because of the [010] zone axis, all the diffraction spots represent (h0l) planes. After 
proper image rotations, we found that diffraction patterns of all AgSCn (n≥2, Figure 4.11b-h) are 
identical, except for that of AgSC1. Figure 4.11i denotes the labeling of eight typical spots 
(closest to the center of pattern) of Figure 4.11b-h as A1, A2, B1, B2, C1, C2, D1 and D2. The 
lengths and angles of several reciprocal vectors are averaged for AgSCn (n=2-5, 8, 14, 15), 
presented in the second column of Table 4.4, with only 1-2% errors. This equivalence of (h0l) 
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diffractions indicates a same intralayer lattice packing along [h0l] orientations for AgSCn (n≥2) 
and their central planes share a common lateral structure. This conclusion is consistent with the 
argument in an earlier wide-angle XRD characterization of AgSC8 and AgSC3, where the two 
chain-length-independent lattice parameters (a and c) of AgSCn were speculated to be 
invariant.[6]  
Notably, AgSC1 shows a different SAED pattern (Figure 4.11a) from the others. The 
dimensions of typical reciprocal vectors of AgSC1 pattern (spot labeling shown in the inset of 
Figure 4.11a) are presented in the third column of Table 4.4. These values are completely 
different from those averaged for the corresponding vectors of other patterns (n≥2). Thus AgSC1 
possesses a unique intralayer structure with different symmetry. 
The indexing of all the diffraction spots and the determination of AgSCn lattice are 
studied by combining SAED with synchrotron XRD analysis, and is included in chapter 8.  
4.7.3. Lamella thickness and layer registration 
No angular breadth or arcing of high-angle spots is observed in any SAED patterns 
(Figure 4.11a-h). This rules out the existence of mosaic structure in the (0k0) plane of 
AgSCn.[72] We suggest that a sufficient translational symmetry exists in the lamellae 
stacked along [010] direction and adjacent layers are well-registered. The multiple orders 
of reflections in the XRD patterns (Figure 4.5 and 4.6) of AgSCn also indicate the well-
registration between layers. 
Layer thickness of AgSCn (n=1-16) as a function of the number of CH2 groups (n-
1) is plotted in Figure 4.12a. This plot extends our previous layer thickness data [25] of 
vapor-grown (Method-2) long chain AgSCn to ultimately short chain lengths. A well-
resolved offset between thicknesses of odd and even chain AgSCn (n=2-16) is observed 
64 
 
(Figure 4.12a-b). Since the inorganic backbone is a common segment,[6] the odd/even 
effect stems from the vertical packing of alkyl chains. Fijolek et al.[8] reported that 
AgSCn with gauche defects shows different thicknesses, as compared to the crystals with 
fully-extended chains. The linear relationship of Figure 4.12a verifies alkyl chains in 
AgSCn (n=2-16) are similarly-extended. Considering the all-trans characteristic of 
lamellae with n=4-16 (section 4.7.1), all AgSCn (n=2-16) chains are essentially fully-
extended. 
The two fitting lines have the same slope within experimental error (±0.01), which 
is defined by the fixed chain tilt angle of 18o±1o. This angle agrees with the one estimated 
from vapor-grown samples.[25] The intercept of each line equals the summation of (1) 
Ag-S central plane thickness, (2) twice the projection of S-C bond length (1.81 Å) along 
[0k0] direction, and (3) the interlayer van der Waals gap,[11, 18] as illustrated in Figure 
4.13. AgSCn interfaces are modelled as CH3 groups (van der Waals radius 2.00 Å) from 
adjacent layers bonded with hard sphere contact. Van der Waals gap is defined as the 
distance between the centres of two such hard spheres along [0k0] direction. Since (1) and 
(2) are independent of chain length,[6] the 0.49±0.10 Å difference between odd and even 
intercepts represents the difference of van der Waals gaps in odd and even interfaces. The 
odd layers possess more densely packed interfaces. This 0.49±0.10 Å difference is 
consistent with our prior estimation of 0.35±0.13 Å obtained from vapor-grown AgSCn 
[25].  
Fittings shown in Figure 4.12a are linear and parallel to each other. This implies a 
common lattice packing for all AgSCn (n=2-16) along the vertical [0k0] direction. SAED 
analysis has suggested a common lattice packing along the lateral [h0l] directions. Thus 
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different AgSCn (n=2-16) crystals are equivalently packed in all [hkl] orientations and 
possess a same lattice type (subcell packing), except for AgSC1. Different interface 
packing densities and van der Waals gaps are the only differences between odd and even 
lattices. Although it has been controversial on whether AgSCn possess a monoclinic [6],  
orthorhombic [17] or hexagonal [9] unit cell, it is reasonable to infer that they all belong 
to one common lattice type, uniform for all studied chain lengths (n=2-16) and chain 
parities. 
In contrast, the plot of layer thickness vs number of CH2 groups (n-2) for n-
alkanes (CnH2n+2, n=2-29) is shown in Figure 4.12c.[73-75] Unlike Figure 4.12a, layer 
thickness for either odd or even n-alkanes cannot be fitted by single lines and the fitted 
lines have different slopes. This is because different n-alkane lamellae belong to different 
lattice types. Layer thickness is determined not only by a progressive change of chain 
length, but also by lattice parameters, chain tilt angles and intralayer packing densities. 
For example, chains forming either orthorhombic or triclinic subcells are more tightly 
packed than chains with monoclinic or hexagonal structures.[76] Only the data of n-
alkanes with same lattice types can be linearly fitted, such as triclinic even alkanes with 
6≤n≤24, or orthorhombic odd alkanes with n=5 and 11≤n≤29 (Figure 4.12c). 
Analogously, the uniqueness of AgSC1 thickness (Figure 4.12a) is attributed to its 
particular lattice packing along [0k0] direction, as compared with other AgSCn (n=2-16). 
Such uniqueness of AgSC1 also appears laterally in [h0l] directions, revealed by its 
distinct SAED pattern (Figure 4.11a). 
4.8. Discussion 
4.8.1. Lamella thickness and layer registration 
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The interlayer packing of aliphatic lamellae is determined by how interlayer 
interfaces are arranged. Interfaces of polyethylene (PE) lamellae are composed of 
amorphous CH2 foldings that are not well-registered between adjacent layers.[77] This is 
consistent with the mosaic structure observed in PE crystals via SAED.[72, 78] In 
contrast, interfaces of alkyl-based lamellae, such as n-alkanes [73, 74], metal-thiolates 
[25] and metal-carboxylates [53, 66, 68], are well-registered, modelled as van der Waals 
spheres of terminal groups from adjacent layers slightly interpenetrated. Such 
interdigitation for AgSCn was estimated to be ≤0.9 Å.[25]  
The layer thicknesses of AuSCnH2n+1 [25], CuSCnH2n+1 [10] and AgO2C(CH2)n-
2CH3 [66, 79] are reported to follow the same linear chain-length-dependent trend as 
AgSCn (n=2-16, Figure 4.12a) or n-alkanes of common lattice types (Figure 4.12c). Such 
variation is in a form of the well-known Vegard’s Law [80-82], which is only valid for 
layers with same subcell packings. One distinction between n-alkanes and the above 
organometallic crystals is that more types of polymorphism are observed in n-alkane 
lamellae. 
Unlike n-alkanes, we speculate that chain packings in metal-alkyl layers have to 
accommodate to the invariant networks of the rigid inorganic (M-S, M-OCO) sheets, such 
that lattice polymorphism tends to not occur in these lamellae. This is conceptually 
analogous to an “epitaxial” growth of aliphatic chains on the planar inorganic backbone. 
We infer that the van der Waals gaps of the metal-alkyl lamellae are larger than that of n-
alkanes. The interface packing between metal-aliphatic layers is restricted and is not as 
dense as that of n-alkanes. Alkane lamellae only favor the unit cell packings that 
minimize chain energy. 
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Crystallography determination of silver carboxylate lamellae that possess triclinic 
lattice has been completely solved using X-ray single crystal analysis.[53] However, the 
intralayer unit cell of metal-thiolates has been controversial for decades. Synthesis of 
large enough single crystal lamellae required for X-ray single crystal determination has 
not been reported so far. Many inferences of thiolate lattice are made only based on 
certain characteristic XRD or FTIR peaks,[6, 11] and the conclusions are ambiguous 
(monoclinic [6], orthorhombic [17] or hexagonal [9] for AgSCn; monoclinic or 
orthorhombic for CuSCn [14]). None of the above speculations has been confirmed and 
will be discussed in chapter 8. 
4.8.2. Uniqueness of AgSC1 
AgSC1 forms a lamellar structure. In contrast, extremely short chain Pd(SCn)2 
(n=2, 3) crystals form a hexameric-ring structure,[15] which differs from their long chain 
counterparts that do form lamellae. We speculate that the planar Ag-S sheet is 
thermodynamically stable/strong enough to maintain the 2D framework of AgSC1 with 
chains as short as only one aliphatic group. It is the differences in the structure and 
stoichiometry of the inorganic backbone (Ag-S vs S-Pd-S) that determine whether short 
chain thiolates keep a lamellar framework (AgSCn) or transform into other structures 
(Pd(SCn)2). 
Unlike that of AgSCn (n=2-16), a unique central plane structure (Figure 4.11a) and 
layer thickness (Figure 4.12a) are observed in AgSC1 lamellae. There are two feasible 
reasons. (1) Prior works [6, 8, 9] claim Ag atoms in the central plane can form either 2- or 
3-coordinated configurations, in which Ag-S bond lengths are different (2.37 Å for 
digonal; 2.55 Å for trigonal). AgSC1 prefers to form the Ag-S sheet with a distinct 
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coordination geometry from that of the others (n=2-16), leading to a change of central 
plane structure and increase of layer thickness. (2) Only one CH3 group (no CH2 group) 
is attached to the Ag-S backbone of AgSC1. Chain tilt angle for AgSC1 can be changed 
from that of the others (18o for n=2-16), due to the difference of steric hindrance between 
CH3 and CH2 groups. 
4.8.3. Dissolution of AgSCn 
Hot toluene is so far the only known solvent that dissolves AgSCn crystals.[17] 
Different solubility of AgSCn in hot toluene determines whether the post-reaction 
processing in this work is recrystallization (n=4, 6-16) or Ostwald ripening (n=1-3, 5). 
We speculate that the dissolved species exists in solution is monolayer AgSCn. No direct 
evidence has verified this demonstration. However, dilution of Pd(SCn)2 solution has 
been employed to obtain single layer lamella, as an application of the solution exfoliation 
method.[26]  
Dissolution of AgSCn is triggered by alkyl chain melting, based on the 
equivalence of dissolution enthalpy and melting enthalpy of long chain AgSCn 
(n≥10).[17] AgSCn (n=4, 6-16) crystals with melting point ranges from 130-140 oC 
dissolve easily in hot toluene at 100-105 oC. Bardeau et al.[12] reported that AgSC12 has 
a pre-melting window between 100-125 oC, wherein the gauche CH2 conformers are 
starting to gradually accumulate. The hot toluene temperature (100-105 oC) is just high 
enough to pre-melt the alkyl chains, preparing for chain reordering during the subsequent 
cooling for recrystallization. However, lamellae (n=1-3, 5) with melting points (>150 oC) 
that are much higher than the hot toluene temperature exhibit lower solubility. 
Observations (see section 4.2) show that the decrease of crystal solubility well-aligns with 
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the increase of lamellae melting point, in a sequence from AgSCn (n=4, 6-16), AgSC5 to 
AgSCn (n=1-3). 
The maximum recrystallization temperature (100-105 oC) of AgSCn in hot toluene 
is experimentally limited by its boiling point (111 oC). Instead of toluene, we speculate 
that short chain AgSCn (n=1-3, 5) might dissolve in solvents with higher boiling 
temperatures that are able to trigger chain melting of short chain lamellae. The melting of 
short chain AgSCn is discussed in chapter 5.  
The step-by-step nature of the recrystallization or ripening process is 
unknown.  However, based on simple crystal growth models [83], the size of the species 
involved in growth is estimated by measuring the sharpness (roughness) of the facet edges 
of the crystals in Figure 4.9. If we assume the facet edge is also the leading edge of 
crystal growth, its roughness (≤5 nm) would be the upper limit of the size of the solvated 
species (sheets or clusters). 
4.8.4. Solution-grown vs vapor-grown AgSCn 
The solution-based (Method-1, Method-3) and the vapor-based (Method-2) 
synthesis routes for metal alkanethiolates are complementary in terms of chain length and 
number of layers. Method-3 in this work is capable of producing free-standing multilayer 
AgSCn with any chain lengths (n≥1). In contrast, method-2 [21, 24] grows lamellar 
crystals on substrates with a controllable number of layers (m=1-4 or m≥10), but has 
difficulty in synthesizing short chain crystals (n=1-6), probably due to substrate 
roughness.  
As compared with that of the crystals in this work (Figure 4.5 and 4.6), XRD 
patterns of vapor-grown AgSCn show much weaker and fewer (0k0) reflections.[21] This 
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indicates lamellae self-assembled on inert surfaces have poorer interlayer orderings. Their 
interfaces are not as well-registered as those recrystallized or ripened from hot toluene. 
Prior works show that some interlayer defects might exist in the interface regions of 
poorly ordered thiolate crystals.[40]  
AgSCn crystals grown by Method-2 have smaller sizes than those formed from 
Method-3, and thus degrade faster under e-beam exposure. Special cares are necessary for 
future SAED studies on the intralayer structures of 1-layer or a-few-layer AgSCn. 
4.9. Conclusions 
We report in this chapter a systematic synthesis and characterization of a wide 
range of highly ordered multilayer AgSCn (n=1-16), including both short and long chain 
lamellae with either chain parity. 
Original modification of a solution reaction method is presented. Previously 
unavailable well-ordered short chain AgSCn (n=1-6) are synthesized. All AgSCn species 
show lamellar structures with all-trans alkyl chains attaching the Ag-S backbone. AgSC2 
(1.08 nm) is the thinnest organometallic layer ever reported. Hot toluene recrystallization 
or Ostwald ripening improves the interlayer and intralayer orderings of the lamellae. All 
AgSCn decompose into a mixture of Ag and Ag2S beyond 210 oC. 
Multilayer lamellae synthesized in this work are verified to be single crystals with 
well-registered interlayer interfaces, even for extremely short chain AgSCn (n=1-3). 
Unlike n-alkane lamellae that show many types of subcell packing, all AgSCn (n=2-16) 
possess a common central plane structure and a same lattice packing, except for AgSC1, 
whose layer thickness does not follow the linear Vegard’s Law of the others. The lack of 
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polymorphism in AgSCn (n=2-16) lattice, as compared with that of n-alkanes, arises from 
the accommodation of the aliphatic chain packing to the rigid inorganic network. 
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4.10. Figures and Tables 
 
Figure 4.1. (a) Schematic shows the methodology used in this research. The ultimate size 
limit of AgSCn lamellae is approached by gradually shortening their chain lengths 
from AgSC15 to AgSC1. A single layer AgSCn is composed of an Ag-S central 
plane with alkyl chains extending both sides. Interlayer interfaces are formed 
between adjacent layers. 
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 Figure 4.2. Plot visualizes the elemental weight percentages of Ag, S, C and H in AgSCn 
(n=1-16). Both measured and formulae calculated compositions are shown. Raw 
data are summarized in Table 4.1. 
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 Figure 4.3. (a)-(p) show the SEM images of multilayer AgSCn crystals with n=1-16. Image 
(b) illustrates two perpendicularly positioned AgSC1 flakes. 
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 Figure 4.4. Comparisons between the XRD patterns of as-synthesized and hot toluene 
processed (a) AgSC7 (recrystallized) and (b) AgSC3 (Ostwald ripened) lamellar 
crystals. All the peaks shown represent (0k0) reflections. 
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 Figure 4.5. XRD patterns of short chain AgSCn (n=1-5). 
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 Figure 4.6. XRD patterns of long chain AgSCn (n=6-16) with well-defined lamellar ordering. 
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 Figure 4.7. (a) TGA curves for AgSCn (n-1-6, 8, 11, 15) with Tonset between 210-230 oC. (b) 
XRD pattern of residue materials after the decomposition of AgSC3. Reflection 
peaks of Ag (111), Ag (200), Ag2S (1�12) and Ag2S (121) are observed. (c) DSC 
traces (heating, cooling, reheating) to 280 oC for AgSC3. (d) DSC traces of 
commercial Ag2S under 10 oC/min scanning rate. (e) Schematic shows the 
suggested procedure of AgSCn decomposition, with Ag and Ag2S as residues. 
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 Figure 4.8. (a) FTIR spectra of AgSCn (n=1-16) lamellae at high-frequency (2750-3000 cm-1) 
region. (b) Plot shows the area intensity ratio between d- and d+ FTIR peaks for 
AgSCn (n=4-16) and CuSCn (n=4, 5, 8, 18). (c) FTIR spectra of AgSCn (n=1-16) 
lamellae at low-frequency (1175-1350 cm-1) region. (d) Plot shows the trans 
segment length of alkyl chains, in terms of number of CH2 groups, as a function 
of the total number (n-1) of CH2 groups in AgSCn (n=3-16).  
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 Figure 4.9. (a)-(d) show the TEM images of AgSC1, AgSC2, AgSC3 and AgSC15 lamellar 
crystals, respectively. Morphology of single crystal nanosheets is clearly 
observed. The red dashed box in (d) highlights a well-shaped single crystal 
AgSC15. The inset of (d) illustrates the zone axis of this study is [010], which is 
perpendicular to the AgSCn lamellar plane of (0k0). 
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 Figure 4.10. (a) Images show the evolution of SAED patterns (zone axis: [010]) of AgSC15 
lamellae under e-beam exposure. The well-defined single crystal degrades into 
amorphous within 5 min. (b) and (c) show the TEM image of AgSC15 and its 
corresponding SAED pattern, respectively. (d) and (e) show another TEM image 
of AgSC15 and its corresponding SAED pattern, respectively. 
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 Figure 4.11. (a)-(h) present the SAED patterns of AgSCn with n=1, 2, 3, 4, 5, 8, 14 and 15, 
respectively. The zone axis is [010], as shown in Figure 4.9d. The red dashed 
boxes in (b)-(h) help visualize the equivalence of SAED patterns for AgSCn (n=2-
5, 8, 14, 15). Eight typical reciprocal spots (A1, A2, B1, B2, C1, C2, D1, D2) from 
each pattern of (b)-(h), where n≥2, and (a) AgSC1 are labeled in the schematics 
shown in (i) and the inset of (a), respectively. 
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 Figure 4.12. (a) Plot shows layer thicknesses of AgSCn (n=1-16), measured by XRD, as a 
function of number of CH2 groups (n-1). For n>1, the data are fitted separately for 
odd and even chains. The inset magnifies the plot to visualize the well-resolved 
odd/even effect. (b) Plot shows the deviation of each data point in (a) from the 
linear fitting, indicating a well-resolved difference between odd and even 
thickness offsets. (c) Layer thickness as a function of n-2 for n-alkanes. Data with 
the same chain parity and same lattice packing types are fitted by single linear 
lines. 
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 Figure 4.13. Schematics show the molecular structures of odd and even AgSCn. The intercepts 
of fittings in Figure 4.12a represent the sum of (1) Ag-S central plane thickness, 
(2) twice the projection of S-C bond length along [0k0] direction, and (3) the 
interlayer van der Waals gaps. The tilt angle of the chains is about 18o. 
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Ag% S% C% H% 
Measured Calculated Measured Calculated Measured Calculated Measured Calculated 
AgSC1 68.22 69.61 21.09 20.69 7.39 7.75 1.76 1.95 
AgSC2 62.78 63.83 18.27 18.97 14.17 14.21 2.89 2.98 
AgSC3 59.88 58.94 17.94 17.52 19.58 19.69 3.73 3.85 
AgSC4 53.94 54.74 17.57 16.27 24.28 24.38 4.45 4.60 
AgSC5 48.92 51.10 15.51 15.19 28.23 28.45 5.22 5.25 
AgSC6 46.69 47.92 13.82 14.24 31.72 32.01 5.65 5.82 
AgSC7 43.78 45.11 13.59 13.41 34.90 35.16 6.33 6.32 
AgSC8 43.83 42.61 12.50 12.67 37.81 37.96 6.70 6.77 
AgSC9 37.69 40.37 11.05 12.00 40.33 40.46 7.31 7.17 
AgSC10 39.72 38.36 11.29 11.40 42.50 42.71 7.43 7.53 
AgSC11 35.94 36.54 11.31 10.86 44.38 44.75 7.77 7.85 
AgSC12 34.34 34.88 10.19 10.37 46.47 46.60 8.15 8.15 
AgSC14 33.63 31.98 10.26 9.51 49.65 49.85 8.70 8.67 
AgSC15 30.57 30.70 9.49 9.13 51.05 51.28 8.93 8.89 
AgSC16 28.81 29.52 8.71 8.78 52.39 52.60 9.13 9.10 
*The measured percentages are compared with the theoretical percentages calculated from molecular weight. 
Table 4.1. Mass fractions of each element in AgSCn (n=1-16). 
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AgSC7 AgSC3 
Synthesized Recrystallized Synthesized Ostwald Ripened 
Sample Mass (mg) 11.7 7.0 22.0 13.9 
FWHM 0.21o 0.19o 0.21o 0.16o 
Normalized I(010)* 1.0 17.9 1.0 1.6 
# of Peaks 5 14 3 6 
*The normalized integrated intensity of I(010) peak for as-synthesized samples are set to be 1.0. 
Table 4.2. Comparison of XRD (0k0) diffractions between the as-synthesized and 
recrystallized (AgSC7) or Ostwald ripened (AgSC3) crystals, in terms of peak 
FWHM, peak integrated intensity and number of peaks. 
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n νs(CH2), d+ νas(CH2), d- νs(CH3), r+ νas(CH3), r- 
1 - - 2889 2960 
2 - 2917 2861 2950 
3 - 2923 2863 2953 
4 2850 2920 2870 2955 
5 2847 2916 2868 2952 
6 2847 2916 2871 2954 
7 2845 2915 2870 2953 
8 2846 2916 2872 2953 
9 2846 2915 2871 2953 
10 2846 2915 2872 2954 
11 2846 2915 2872 2953 
12 2845 2915 2873 2953 
14 2845 2913 2872 2952 
15 2846 2915 2872 2953 
16 2847 2916 2873 2952 
Table 4.3. Raw data of C-H stretching modes of AgSCn (n=1-16, unit: cm-1) 
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Reciprocal vectors AgSCn (n≥2) AgSC1 
A1A2 (1/nm) 5.70±0.12 3.01±0.05 
B1B2 (1/nm) 7.11±0.10 2.93±0.03 
C1C2 (1/nm) 4.49±0.06 1.66±0.02 
D1D2 (1/nm) 4.70±0.06 2.43±0.04 
∠(A1A2, B1B2) 85.29±1.14o 68.35±0.75o 
∠(C1C2, D1D2) 75.57±1.32o 88.62±0.74o 
Table 4.4. Table shows the lengths and angles of reciprocal vectors measured from the 
SAED patterns of AgSCn (n≥2, Figure 4.11b-h) and AgSC1 (Figure 4.11a). 
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CHAPTER 5 
ABRUPT CRITICAL SIZE OF CHAIN MELTING: SHORT-CHAIN EFFECT, PARITY 
EFFECT AND STACKING EFFECT 
This chapter presents the key discovery of this thesis. Size-dependent melting of silver 
alkanethiolate lamellar crystals with different chain lengths and number of layers (AgSCn, n=1-
16, m=1-10) is systematically characterized. 
5.1. Introduction 
Size miniaturization of nanoscale materials highlights the significance of certain structure 
bounds that are negligible in bulk materials. These local structures induce the size-dependent 
melting [1, 2] exhibited in nanomaterials, transitioning material properties from bulk to discrete 
elements. For example, melting point (Tm) depression of nanoparticles (e.g. CdS, Sn, Al, In, Bi) 
[3-9] is attributed to the differences (bonding, mobility) of atoms at/near the surfaces from those 
in the inner bulk regions. This mechanism also explains the size effect melting of aliphatic 
lamellae (e.g. alkane [10], alkanethiolate [11, 12], carboxylate[13]), with the van der Waals 
interface regions being the discrete segment. Such difference between the surfaces/interfaces and 
the uniform bulk-like regions of materials is quantified as excess free energy (ΔGexcess), 
originated from the Gibbs-Thomson (GT) Theory[14] of melting point depression. Excess free 
energy is defined as the additional amount of energy needed to melt a material with the addition 
of certain structural elements (e.g. interface, surface), as compared with its corresponding 
uniform bulk-like counterpart. The lowering of melting point (ΔTm) from the bulk value scales 
with the inverse of material size d at a rate of ΔGexcess.[14-17] This size d can be the radius of 
nanoparticles or the thickness of layered materials. 
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In this work, we comprehensively studied the size effect chain melting of AgSCn as 
functions of chain length (n=1-16) and number of layers (m=1-10). Revealing results about the 
short-chain effect, the odd/even parity effect and stacking effect are observed. An abrupt critical 
length scale of lamellae is discovered with regard to the deviation of the chain melting of AgSCn 
from that predicted by the classical GT Theory.  
5.2. Experimental Section  
Synthesis: Multilayer AgSCn (n=1-16) are synthesized using the solution reaction method 
discussed in chapter 4. 1-layer, 2-layer, 3-layer and 4-layer AgSCn (n=7-18) are grown using the 
vapor-phase method on inert substrates, as described in section 1.3. 
Differential Scanning Calorimetry (DSC): Melting properties (melting point Tm, molar 
melting enthalpy ΔHm, molar melting entropy ΔSm) of AgSCn powders are systematically 
investigated using a PerkinElmer Standard Single-Furnace DSC-4000 with aluminum sample 
pans. It has a temperature resolution of 0.1 oC and a calorimetric enthalpy error of 2%. The 
heating and cooling rates of all the measurements are set to be 10 oC/min. The instrument is pre-
calibrated using standard indium metals before every experiment.[12] Experiments are 
conducted in N2 atmosphere. The real time heat capacity (Cp) of the sample is calculated by 
dividing the collected heat flow over scanning rate. The obtained Cp vs T curves are used to 
determine Tm (peak position) and ΔHm (peak area over sample weight) of samples. ΔSm is 
calculated by dividing ΔHm over Tm. 
Powder X-ray Diffraction (XRD): Powder XRD measurements are done in a Siemens 
D5000 diffractometer using Cu-Kα radiation (λ=1.5418 Å, 40 kV, 30 mA). XRD patterns are 
acquired by 2θ scanning at a rate of 1o/min and a step size of 0.02o. The raw patterns are fitted 
and analyzed using JADE-9 software. 
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Scanning Electron Microscopy (SEM): Crystal morphology is studied using a Hitachi 
S4700 SEM with an accelerating voltage of 15 kV. 
5.3. Reversible Chain Melting  
Calorimetric Cp vs T curves of multilayer AgSCn (n=1-16) lamellae are illustrated in 
Figure 5.1. Each curve shows only one phase transition peak that represents chain melting. 
Reversibility of chain melting of some long chain AgSCn (n=10, 12, 15, 16, 18) has been 
reported by literatures.[12, 18-20] Such reversibility is also observed for other AgSCn (n=2-9, 
11, 14) in this work, except for AgSC1. Figure 5.2a verifies that the DSC heating and reheating 
traces of each species can overlap with other, with ΔHm variations less than 10%. No 
decomposition or degradation is involved during the scanning. Typical decomposition 
temperature for AgSCn is about 210-230 oC.[20, 21] No melting peak is observed during the 
reheating of AgSC1 lamellae. 
Melting reversibility is also verified by XRD and SEM measurements before and after 
calorimetric scans (Figure 5.2b-d). As an example, the lamellar structure (Figure 5.2b, XRD 
lamellar reflections) and the nanosheet morphology (Figure 5.2c and 5.2d, SEM imaging) of 
AgSC3 crystals are remained after multiple heating/cooling cycles. This indicates sample 
structures are completely recovered after cooling from chain melting.    
5.4. Chain-length-dependent Chain Melting  
Figure 5.3a-c show the Tm, ΔHm and ΔSm of multilayer AgSCn (n=1-16) crystals as a 
function of chain length, respectively. For the purpose of this study, we denote three 
stoichiometry regions of AgSCn: (I) AgSC1, (II) short chain AgSCn (n=2-6) and (III) long chain 
AgSCn (n≥7). AgSCn (n=2-16) categorized in region II and region III are the focus of this work. 
The following four key features are observed by the calorimetric measurement: 
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(1) Long chain AgSCn (n≥7) follows the classical GT model with constant values of 
ΔGexcess. 
(2) Odd/even effect melting is observed and follows the GT model with constant 
values of ΔGexcess over the entire range of chain length (n=2-16). 
(3) Melting of short chain AgSCn (n=2-6) requires a new feature in the classical GT 
model – variable values of ΔGexcess. 
(4) AgSC1 must be considered as a separate material. 
5.4.1. Long chain melting (n≥7): classical GT size effect 
Measured values of Tm, ΔHm and ΔSm (Figure 2a-2c) for long chain AgSCn (n>6) are 
consistent with “bulk” values from literature within experimental errors.[11, 12, 18, 20, 22] All 
Tm values converge to T0=133.5 oC (obtained in chapter 7) for extremely long chains (n∞). 
Melting properties (Tm, ΔHm, ΔSm) in this region depends on two separate and independent 
attributes - chain length and chain parity. 
Size-dependent melting [14] is a universal rule that occurs in all materials, including 
metal particles [1, 2, 6, 17, 23] and polymeric layers [10, 15, 16, 24-26]. The effect can be 
described quantitatively by the classical GT model [14], with the form of equation 5.1 
specifically used in aliphatic materials:[16, 27]   
20
1 1 1 excess
CHm
G
T T H n
 
  
 
∆= −
∆ ⋅
  (5.1) 
where “n” is chain length and ΔHCH2 is the bulk melting enthalpy per CH2 group (its value is 
measured later in this section). For the purpose of this work, equation 5.1 is labeled as GT-C 
model due to constant values of ΔGexcess, whereas GT-COM model refers to comprehensive GT 
model and contains both variable and constant ΔGexcess. Size effect melting of most materials can 
be explained by the GT-C model, including metals (e.g. Sn [4], In [7]) and polyethylene [10, 15]. 
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In this study, GT-C model is applied separately to the melting of odd and even chain 
AgSCn but is valid only for a certain range of chain length. Figure 5.3a (see the solid red and 
blue curves) shows the model works well for long chain crystals with chain lengths exceeding a 
critical size of ncr=7. 
In this regime of n≥ncr, ΔHm (Figure 5.3b) and ΔSm (Figure 5.3c) values scale linearly 
with chain length in analog with Vegard’s Law.[28-30] The differential values of enthalpy per 
CH2 unit are identical for odd (4.13±0.06 kJ/mol) and even (4.12±0.09 kJ/mol) chain AgSCn 
(n≥7). This is consistent with the ones obtained from bulk polyethylene (ΔHCH2=3.9-4.1 kJ/mol) 
[10, 31] and long chain n-alkanes (n=11-100, ΔHCH2Odd = 4.18±0.08 kJ/mol, ΔHCH2Even = 
4.14±0.01 kJ/mol) [32]. Similarly, melting entropy per CH2 group (ΔSCH2) obtained from the 
linear fittings of long chain AgSCn (n≥7) are 10.18±0.15 J/molK and 10.08±0.22 J/molK for odd 
and even chain crystals, respectively. These values agree with others’ results of 7-12 J/molK.[20] 
The y-intercepts of the ΔHm and ΔSm plots represent the excess enthalpy and excess entropy 
associated with melting and are utilized to estimate the excess free energy of odd and even chain 
AgSCn - ΔGexcessodd~0.71 kJ/mol and ΔGexcesseven~-0.30 kJ/mol. 
Interestingly, the direction of size effect melting is opposite between odd and even chain 
AgSCn (n≥7, Figure 5.3a). It is the first observation that shows the coexistence of melting point 
depression (even chain) and melting point enhancement (odd chain) in a single material system. 
Tm decreases for even chains while it increases for odd chains as chain length shortens, with 
their corresponding values of ΔGexcess showing opposite signs (±) in the GT-C model. The 
difference in packing structures of lamellae interfaces for odd and even chain crystals is 
responsible for this effect.[11] 
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5.4.2. Odd/even parity effect 
Strong odd/even effect (parity of chain length) is observed in all calorimetry data (Figure 
5.3a-c, Tm, ΔHm, ΔSm) for multilayer AgSCn (n=2-16). This parity effect was also observed in 
our prior works for the layer thicknesses of the same lamellae [11, 21] as well as Tm of 2-layer, 
3-layer and 4-layer AgSCn (n≥7) [11]. In contrast, the odd/even effect is weak, if at all present, 
in our previous multilayer samples [11], due to the limitation of the growth technique, as 
compared to the improved synthesis route [21] in this work. In this sense, we conclude that the 
odd/even effect is present in any stacked crystals but is absent in 1-layer lamella. Interfaces 
formed between adjacent stacked layers play the key role in determining the parity effect.  
The parity effect for the Tm of AgSCn (n=2-16) is analyzed in Figure 5.3d and equation 
5.2 by differentially applying the GT-C model to odd and even chain crystals: 
20
1 1 1 odd evenexcess excess
even odd
m m CH
G G
H nT TT
∆ −∆− ⋅
∆ ⋅
=   (5.2) 
Surprisingly, the excess free energy difference is found to be a constant (ΔGexcessodd-
ΔGexcesseven=0.999±0.017 kJ/mol) for all chain lengths, including short chain AgSCn (n=2-6), as 
illustrated in the linear fitting of Figure 5.3d. This result occurs despite the observation that both 
ΔGexcessodd and ΔGexcesseven vary considerably in the short chain regime (n≤6) – yet their 
difference always remains constant! This finding indicates that the parity effect is independent of 
the attribute of AgSCn that is responsible for the short-chain effect, which is discussed in section 
5.4.3. 
5.4.3. Short-chain effect below the critical size 
Tm, ΔHm and ΔSm of AgSCn present large non-linear deviations as the chain length is 
smaller than the critical size ncr=7. These abrupt deviations are highlighted in the shaded areas 
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(orange and cyan) in Figure 5.3a-c. We name the phenomenon responsible for such deviation as 
“short-chain effect”. 
Among the deviations, the measured Tm of AgSC2 is ~50 oC (Figure 5.3a) higher than 
that expected from the GT-C model on long chain AgSCn (n≥7), while its ΔHm is ~500% (Figure 
5.3b) of the modeled value. Expected from the dashed extrapolation of even chain enthalpy 
(Figure 5.3b), AgSC2 should almost completely melted with a tiny ΔHm of ~2 kJ/mol 
(ΔHm<ΔHCH2), which, however, is 7.7 kJ/mol smaller than the measured value. The 7.7 kJ/mol 
difference is visualized in Figure 5.4 and is equivalent to the melting of two bulk CH2 groups 
(2ΔHCH2~8.2 kJ/mol). Another feature of the short-chain effect is the inflection point observed in 
Figure 5.3a for even chain AgSCn – melting point depression at n>ncr and melting point 
enhancement at n<ncr (ncr=7). 
Clearly there is a fundamental change in the material as the molecule size crosses the 
critical length (ncr). This change is molecularly abrupt – occurring within one CH2 unit. One 
might expect this abruptness is attributed to the change of lattice structure, as observed in AgSC1 
(section 5.4.4). However, all structure parameters, including layer thickness (XRD) [11, 21] and 
intra-layer lattice constants (electron diffraction) [21], indicate that the crystal structure of 
AgSCn is preserved throughout the entire chain length range of n≥2. 
To further analyze the short-chain effect, we (1) establish the new GT-COM model based 
on the classical GT-C model [16] and the experimental data, as shown in chapter 7; (2) observe 
the local environment and dynamics of each individual carbon within the critical size of ncr=7, 
using 13C NMR, as shown in chapter 6. 
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5.4.4. AgSC1: the unique outlier in AgSCn 
Figure 5.3a-c show that AgSC1 does not follow the trend of Tm, ΔHm and ΔSm, in 
comparison with all other members of AgSCn (n≥2) family. By applying the GT-COM model 
(chapter 7), AgSC1 is expected to melt at Tm=454 oC, which is 280 oC higher than the measured 
Tm=174 oC. This model expected value is also ~230 oC higher than the decomposition 
temperature (210-230 oC) [21], which implies that AgSC1 is expected to decompose before it can 
melt. 
Obviously AgSC1 must be considered as a unique compound in AgSCn system. This 
conclusion is not surprising because almost all other physical characteristics of AgSC1 are also 
decidedly different, including lamella thickness and lattice packing, as shown in Figure 4.11a and 
4.12a.[21] 
5.5. Chain Melting Depends on Number of Layers: Stacking Effect  
  Besides the chain-length-dependence of chain melting, another degree of size effect 
melting of AgSCn is that Tm increases progressively as the number of layers increases.[11, 33] 
Figure 5.5a shows that Tm of 1-layer AgSC7 and 1-layer AgSC8 melt at 43.1 oC and 27.8 oC 
lower than their multilayer counterparts, respectively. This stacking effect is not observed in 
polyethylene lamellae. 1-layer polyethylene [34] melts at the same temperature as multilayer 
lamellae [10] as long as their individual layer thicknesses are same. On one hand, mating 
multiple 1-layer AgSCn crystals alter the energetics, registry and mobility of the chain terminal 
groups at the interfacial region, which induces the collective melting. Multiple individual layers 
are dependent and synergistic with each other as if the stacked layers as a whole are a single 
crystal. Stacked AgSCn melt at a single higher Tm than each individual layers. On the other 
hand, the property of the interface region is critical to the size effect melting. Interfaces of 
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stacked polyethylene are composed of amorphous polymethylene foldings [10]. Such interface 
has little synergistic effect on collective melting and each individual layer acts independently as 
if they were not stacked. But in AgSCn and n-alkane lamellae, the interface regions are well-
registered. 
Additional to multilayer crystals shown in Figure 5.3a, Tm of 2-layer, 3-layer and 4-layer 
AgSCn also show odd/even parity effect.[11, 33] Figure 5.5b shows Tm of odd chain (n=7, 9, 11, 
pink) 2-layer AgSCn is 11 oC higher than that of even chain (n=8, 10, 12, 14, green) lamellae. 
However, this parity effect is absent for 1-layer crystals (Figure 5.5b, orange). The absence of 
odd/even effect in 1-layer AgSCn is as revealing as its presence in stacked crystals. Odd/even 
melting for AgSCn only occurs when interlayer interfaces are formed, indicating a difference in 
the nature of interface regions (structures, registration, packing) between odd and even species. 
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 5.6. Figures 
 
Figure 5.1. DSC Cp vs T curves of AgSCn (n=1-16). Each curve shows a single melting peak. 
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 Figure 5.2. (a) Plot shows the DSC heating and reheating traces of AgSCn (n=2-9, 11, 14) 
lamellae. (b) XRD (0k0) lamellar diffractions of AgSC3 before and after DSC 
scans. (c) and (d) show the SEM images of AgSC3 before and after DSC scans, 
respectively. 
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 Figure 5.3. (a), (b) and (c) show the chain melting point (Tm), melting enthalpy (ΔHm) and 
melting entropy (ΔSm) of AgSCn (n=1-16) as a function of chain length, 
respectively. The solid red and blue curves refer to the GT-C model. The orange 
and cyan shades illustrate the magnitude of the short-chain effect. All plots are 
divided into three stoichiometry regions (I, II and III) based on melting 
characteristics. (d) Plot shows the linear fitting between (1/Tmeven-1/Tmodd) and 
1/n. The method used to obtain the data is describes in equation 5.3 and 5.4. 
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 Figure 5.4. Plot shows the deviations (residues) of ΔHm from that of the linear fitting of 
either odd or even chain AgSCn with n≥7, as shown in Figure 5.3b. ΔHm residue 
for the fitting of even chain lamellae (n≥7, blue dashed line) is set to be zero. 
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 Figure 5.5. (a) Plot shows the Tm of AgSCn as a function of number of layers (m=1-4 and 
multilayer). Tm of 1-layer and multilayer polyethylene are also illustrated for 
comparison. (b) Plot shows Tm of 1-layer and 2-layer AgSCn crystals. Odd/even 
parity effect is observed in 2-layer melting but is absent in 1-layer melting. 
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CHAPTER 6 
BULK-TO-DISCRETE TRANSITION: SEGMENTING ALIPHATIC CHAINS 
This chapter presents the local structural evidence of the short-chain effect and odd/even 
effect. The existence and locations of the bulk-like and non-bulk carbon groups along the alkyl 
chains of AgSCn (n=1-16) are systematically studied by solid state 13C Nuclear Magnetic 
Resonance (NMR), which is sensitive to local structure and dynamic variations. A new theory of 
segmenting alkyl chains is proposed based on the results revealed by both calorimetry and 13C 
NMR. This theory demonstrates a bulk-to-discrete transition of AgSCn properties at/below a 
certain critical size. 
6.1. Experimental Section  
Solid-state 13C NMR spectroscopy (NMR/EPR Laboratory, School of Chemical Sciences, 
UIUC) was applied to measure the chemical environment of carbons along the alkyl chains in 
AgSCn (n=1-16). All the spectra were obtained using a Varian Unity Inova 300 NMR 
spectrometer (7.05 T), operating at a resonance frequency of ν0 (13C) = 75.47 MHz at room 
temperature. A Varian/Chemagnetics 4mm double-resonance APEX HX magic-angle spinning 
(MAS) probe was used for all MAS experiments under a spinning rate of 10 kHz and TPPM 1H 
decoupling. The samples were finely ground and packed into 4 mm o.d. standard zirconia rotors.  
Experimental carbon chemical shift referencing, pulse calibration and cross-polarization 
condition were done using powdered hexamethylbenzene (HMB), which has a chemical shift of 
17.3 ppm (for the methyl peak) relative to the primary standard, TMS at 0 ppm. For cross-
polarization MAS (CPMAS) experiments, the 1H 90 degree pulse width was 2.25 µs, the contact 
time used was 1 ms and the recycle delay was set to 2 s. Generally, 600-1000 scans were 
acquired with an acquisition time of 40 ms for each spectrum to get decent signal-to-noise ratio. 
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Typical line broadening applied for most spectra was 25 Hz with 2 or 3 zero fills done to get 
8192 data points in the frequency domain spectra. 
Direct-polarization MAS (DPMAS) was used to measure the carbon spin-lattice 
relaxation times (T1) of carbon. The 90 degree pulse width was 2.5 µs, a recycle delay of 30-110 
s was used and 200-2000 scans were collected for each spectrum. T1 were measured using the 
standard inversion-recovery sequence (π-tau1-π/2-tau2-acq) using recycle delays that are at least 
five times the longest carbon T1 values to ensure full equilibrium magnetization. The time 
between the 180° inversion pulse and the 90° pulse (i.e., tau1 or recovery time) is incremented 
from very short delays (generally in µs) to longer delays (up to seconds, depending on which 
carbon site). The spectra start out inverted (negative peaks) and as the recovery time is increased, 
the signals will recover their magnetization and the typical “positive” spectra are obtained. The 
T1 relaxation curves were then fitted using the data analysis module in MestReNova version 8.1, 
using the “three parameter exponential fit”: y=B+F·e-x·G. 
6.2. Size Effect Observed in 13C NMR  
6.2.1. Chemical shift 
Figure 6.1 shows the 13C NMR spectra for all AgSCn (n=1-16). Peaks are assigned to 
particular carbon groups based on prior studies [1-3] of n=4, 12 and 18. They are S-attached α-
CH2 group (C-1, 39.5-41 ppm), β-CH2 group (C-2, 38.5-39.5 ppm), mid-chain CH2 groups (34-
35.5 ppm), penultimate CH2 group (Cn-2, 35-36 ppm), outmost CH2 group (Cn-1, 25-26 ppm) 
and CH3 group (14.5-20.5 ppm). The chain-length-dependence of these peaks is presented in 
Figure 6.2a-e. The ~34 ppm shift of the mid-chain groups indicates their all-trans 
conformations,[4] in contrast to the ~30 ppm shift measured for n-alkanes in solution, where the 
amount of trans and gauche conformers are equal.[3, 4] The ~25 ppm shift of Cn-1 group is also 
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a sign of all-trans alkyl chains.[4] This peak shifts to 22.1 ppm for AgSC4 lamellae with gauche 
conformers [1] and 22.5 ppm for thiols in solution [5]. The shifts of C-1 and C-2 are close to 
those measured in thiol-capped gold nanoparticles. However, nanoparticles show broader peaks 
(FWHM~1020 Hz) than AgSCn (FWHM< 75 Hz), due to the polydispersity of S-(C-1) bonding 
sites in nanoparticles.[6, 7]  
The spectra present n peaks for species with n≤6. AgSC6 is the shortest species that 
contains mid-chain CH2 groups. When increasing the chain length beyond n=6, no additional 
peak appears but the normalized integrated intensity of the mid-chain peak linearly increases 
with identical incremental changes (Figure 6.2f). Intensity values for AgSCn with n≥7 are 
multiple of that of AgSC6. This result can be utilized to determine the number of mid-chain 
groups in alkyl chains. All mid-chain groups share similar chemical shift that is independent of 
chain length (Figure 6.2e).  
Odd/even effect is observed in the shifts of CH3 (Δδodd-even~0.7 ppm, Figure 6.2b), Cn-1 
(Δδodd-even ~0.3 ppm, Figure 6.2c) and Cn-2 (Δδodd-even ~0.2 ppm, Figure 6.2d) but is absent in 
other groups. The degree of such odd/even alternation decreases as the distance of carbons from 
the interlayer interface increases. Similar odd/even effect is also observed in the terminal CH3 of 
metal carboxylate layers.[8, 9] 
In contrast to the mid-chain groups, peaks of C-1, C-2 and Cn-2 are more deshielded 
whereas those of CH3 and Cn-1 are more shielded. Chemical shifts of these 5 carbons present a 
short-chain effect when chain length is shorter than a critical size of ncr=7 (Figure 6.2a-d), 
consistent with that observed in chain melting (Figure 5.3a-c). There are in total 20 types of 
carbon environment existed in AgSCn with n=2-6, whereas only 9 types, including the odd/even 
variations, are measured at n≥7. 
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6.2.2. Relaxation measurements 
Carbon spin-lattice relaxation time (T1) is a sensitive indicator of local dynamics and 
molecular motions, and a shorter T1 generally implies a more mobile unit.[4, 10] Figure 6.3a and 
Table 6.1 present the T1 values of different carbon groups in AgSCn (n=6, 8, 12), in the order of 
1-100 s. Groups that are closer to the Ag-S slab are more restricted by chain tethering. This 
agrees with others’ results of variable-temperature 13C NMR.[3, 11] Mobility of the two S-
attached groups (C-1, C-2) and the three terminal groups (CH3, Cn-1, Cn-2) are, respectively, 
different from that of the mid-chain units. This conclusion is consistent with that of the chemical 
shift observed in Figure 6.1.  
Figure 6.3b shows the T1 values of CH3 groups as a function of chain length. The 
mobility of chain terminals decreases as chain length decreases.[12] The data can be fitted 
piecewise by a function as follows: 
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where the derived ncr=7.4±0.3, which is consistent with that measured by chain-length-
dependences of chemical shift and melting properties. T1 value of CH3 only increases by 18% 
from AgSC12 to AgSC7, whereas it dramatically increases by 61% from AgSC6 to AgSC3. This 
result reveals that chain mobility also presents a short-chain effect, as those observed in chain 
melting (chapter 5) and chemical shift (Figure 6.2a-d).   
Besides, T1 may also be used to estimate material entropy. Entropy of AgSCn includes 
three parts: positional, orientational and conformational, where the conformational contribution 
is dominant.[13] Conformational entropy is correlated to T1 in proteins by an order parameter 
that indicates the range of structural states accessible to certain bonds.[14-17] Meanwhile, order 
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parameter can be derived by measuring T1 and a larger T1 corresponds to a larger order 
parameter.[16] This method is transferable to AgSCn as its entropy is determined by the number 
of conformational states (trans, gauche) all the C-C bonds can access. Therefore, larger T1 values 
measured in shorter chain lamellae indicates its smaller solid state entropy. 
6.3. Bulk-to-discrete Transition 
A critical size of ncr=7 is obtained independently from both calorimetry and 13C NMR 
measurements. Material characteristics undergo anomalous transitions from uniform bulk 
properties at n≥ncr to discrete features such as the short-chain effect at n<ncr. 
6.3.1. Segmenting aliphatic chains 
Based on the 13C NMR analysis, alkyl chains of AgSCn are divided into three segments 
and their sizes are quantified, as illustrated in Figure 6.4a. 
(1) Mid-chain segment: this segment only appears at n≥6 and its length always equals (n-
5), determined by the mid-chain signals of 13C NMR (Figure 6.2f). Chemical environment of the 
mid-chain carbons resembles that of bulk CH2 units (31-35 ppm) in polyethylene [18, 19] and 
long chain paraffins [20, 21], and is not affected by the Ag-S slabs and the interlayer interfaces at 
either end of chains. 
Within the chain length range of n=6-16, the characteristics of AgSCn exhibit step-wise 
increases of both the mid-chain peak intensity (Figure 6.2f, step-size equals the intensity of 
AgSC6) and the melting enthalpy (Figure 5.3b, ΔHCH2~4.1 kJ/mol). This consistency 
demonstrates that the increase of chain length beyond AgSC6 is essentially elongating the total 
length of the mid-chain segment. 
(2) Tail segment: unlike the bulk mid-chain units, the other 5 groups present discrete 
properties, as none of them has equivalent chemical environment (chemical shift) or chain 
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mobility (T1). The terminal CH3, Cn-1 and Cn-2 groups are collectively grouped into a tail 
segment, because of their presence of odd/even oscillation of chemical shift (Figure 6.2b-d). Van 
der Waals forces between adjacent layers redistribute the electrons of these tail groups by 
different amount between odd and even AgSCn. This finding associates the parity effect in 
aliphatic layers with the nature of interfacial groups, consistent with the reported correlation 
between the odd/even melting and the packing of interlayer interfaces.[22]  
(3) Head segment: this segment consists of the two remaining carbons (C-1, C-2) that are 
closest to the Ag-S slab. 
6.3.2. Materials with bulk and discrete properties 
An AgSCn layer was previously modeled as bulk alkyl chains sandwiched/bounded 
between the 2D Ag-S sheet at one end and the planar interface/surface at the other (Figure 6.4b, 
left schematic).[22] A more realistic model is established in this work that individually 
categorizes each group in alkyl chains into one of the three segments. Since the deviations of the 
chemical shifts of the head and tail segments from that of the bulk mid-chain carbons are caused 
by the existence of the Ag-S slab and the interfacial gap, respectively, the prior 2D bounds are 
now assigned with 3D representations – each having an assigned thickness determined by 
quantitative methods (Figure 6.4b, right schematic). The 3D interface region contains the van der 
Waals gap and the tail segments from adjacent two layers; the Ag-S region includes the Ag-S 
slab and the two head segments tethered to it. 
For chain lengths larger than the critical size (n≥7), the Ag-S and the interface regions are 
distant from each other and act independently, with multiple bulk mid-chain groups between 
them. As chain length decreases, the progressive approaching of the two discrete regions reduces 
the length of the mid-chain segment and at n=7, bulk-to-discrete transition occurs. None of the 
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carbons are equivalent (chemical environment) at n<7. An extreme case is that the two 3D 
regions start to merge at n<5, where some or all atoms in the entire chains are simultaneously 
affected by both the Ag-S slabs and the interlayer interfaces. This transition is illustrated in 
Figure 6.4a. 
Figure 6.5 summarizes the chain-length-dependence of structural and property parameters 
of the entire AgSCn (n=1-16) family. More fundamental interpretations of the three 
stoichiometry regions of AgSCn defined in section 5.4 are suggested. 
Although crystal structures of AgSCn preserve throughout the whole range of chain 
length (n=2-16),[23] bulk-to-discrete transition occurred at the critical length (ncr=7) determines 
the different nature of long chain (n≥7) and short chain (n=2-6) lamellae. 
In the bulk region (n≥7), material properties (e.g. chemical shift, ΔHm) scale uniformly 
and continuously with chain length. The mid-chain segment dominates the chain composition 
and determines the bulk characteristics of the material. In contrast, materials in the discrete 
region (n=2-6) exhibit individually discrete properties. Such discreteness is determined by the 
dominance of the discrete Ag-S and interface regions, which possess different properties from 
that of bulk alkyl chains. 
AgSC1 is a new compound with a completely unique lattice structure [23] at the first 
place and different chain properties as compared with the others. 
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6.4. Figures and Table 
 
Figure 6.1. Solid state 13C CPMAS NMR (75.47 MHz) spectra for multilayer AgSCn (n=1-
16) lamellae. The schematic on the left shows the structure of one AgSCn 
molecule with labeled positions of carbon groups along the chain. 
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 Figure 6.2. (a)-(e) Plots show the 13C NMR chemical shift as a function of chain length for C-
1 (α-carbon, orange) and C-2 (β-carbon, green), terminal CH3, Cn-1 (outmost 
CH2), Cn-2 (penultimate CH2) and mid-chain CH2 groups, respectively. (b), (c) 
and (d) are plotted separately for odd and even species. (f) Plot shows the linear 
increase of the normalized integrated intensity of the mid-chain peak as a function 
of the number of mid-chain units and chain length.  
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 Figure 6.3. (a) Plot shows T1 values of carbon groups located at different positions along 
alkyl chains for AgSCn (n=6, 8, 12). (b) Plot shows T1 values of the CH3 groups 
as a function of chain length. The data can be fitted piecewise to generate a 
critical chain length of ~7.4. 
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 Figure 6.4. (a) Schematics visualize the segmentation of alkyl chains in AgSCn (n=2-16). 
Grey atoms: mid-chain region; dark/light red atoms: different groups of head 
segment; dark/light blue/green atoms: different groups of tail segment in odd/even 
chains. The contrast of the colors denotes the relative magnitude of chemical shift 
measured in Figure 6.1. (b) Schematics visualize the 2D (left) and 3D (right) 
representations of the interface (blue) and the Ag-S slab (red) in AgSCn layers. 
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 Figure 6.5. Plot shows the structural and property parameters of AgSCn (n=1-16) as the 
change of chain length. Each parameter is plotted as residue with regard to its 
linear fitting of certain homogeneous long chain (n>6) species. The intralayer 
spacing and interlayer thickness data are replotted from Figure 4.10 and 4.12, 
respectively. 
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 CH3 Cn-1 Cn-2 mid-chain CH2 C-1, C-2 
AgSC3 2.77±0.29 23.73±2.12 57.16±12.95 NA NA 
AgSC6 1.72±0.21 23.32±1.85 43.97±6.02 50.87±6.35 87.24±14.02 
AgSC8 1.27±0.07 19.90 NA 40.12±9.70 NA 
AgSC12 1.09±0.09 18.63 NA 47.20±13.29 NA 
Table 6.1. T1 values (unit: s) of certain carbon groups in AgSCn (n=3, 6, 8 and 12). 
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CHAPTER 7 
MODELING OF LAMELLAR MELTING: BEYOND THE GIBBS-THOMSON MODEL 
This chapter presents the phenomenological fitting of experimental Tm of all AgSCn 
crystals, including species with any chain lengths (n=1-18), any number of layers (m=1-10) and 
both chain parities (odd and even). Long chain AgSCn (n>6) can be well fitted by the Gibbs-
Thomson (GT) model (see section 2.3.2) for layered materials, which, however, fails to predict 
the short-chain effect in section 5.4.3. In this chapter, a comprehensive GT (GT-COM) theory is 
suggested for AgSCn and is generalized to other layered aliphatic systems. 
7.1. Modified GT-C Model for Long Chain Melting (n≥ncr)  
As mentioned in section 2.3, excess free energy of AgSCn lamellar crystals is contributed 
from four different sources corresponding to four spatially separated structural segments: Ag-S 
central slab (ΔGC), interlayer interface (ΔGC), free surface (ΔGC) and substrate-sample interface 
(ΔGC). This model is a modified version of GT-C model and is expressed as in equation (2.8) or 
(2.9) [1, 2]: 
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where Tm is a function of chain length n and number of layers m; T0 is the asymptotic 
value of Tm for n∞. ΔHCH2 is essentially ΔHmid and is set 3.85 kJ/mol for the fitting in this 
section. This model cannot explain the short-chain effect and is only applied to the fitting of long 
chain AgSCn (n≥ncr=7). 
The fitting procedure uses m and n as independent parameters and Tm as the dependent 
one. Apparently, due to a strong dependency between fitting parameters, only certain 
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combinations of them can be found. Consequently, Equation (7.2) should be appropriately 
rewritten. By grouping m-dependent and m-independent parameters together, equation (7.2) can 
be transformed into a form more suitable for the fitting procedure as follows. 
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mid mid
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  (7.3) 
However, the implicit assumption that the parameters of the equation (7.3) are constant 
for all n and m has a fundamental problem. Constant parameters can’t explain the odd/even effect 
that appears at stacked layers.[1] Let us hypothesize that the film surface, sample-substrate 
interface and Ag-S central plane are the same for both odd and even AgSCn. Linear behavior of 
fusion temperature with n for single layer can be used as an argument that (ΔGS + ΔGSUB + 
ΔGC) is constant at least for m=1. For this analysis, this is assumed to be true for all m. Then the 
alternation of Tm,n for stacked layers can be represented as different free fusion energies ΔG IOdd 
and ΔGI
Even, associated with odd and even chains, respectively. 
7.1.1. Fitting of 1-layer, a-few-layer and vapor-phase grown multilayer AgSCn (n≥7)  
This model is first applied to fit the Tm data of long chain 1-layer, 2-layer, 3-layer, 4-
layer and multilayer AgSCn (n≥7) grown from the vapor-phase method, as is shown in Figure 
7.1.[1] These data lie well on the straight lines for both odd and even chain crystals. It means that 
at least for m=2 and for m→∞ (where the experimental data are present for different n) ΔGIOdd 
and ΔGI
Even
 do not depend on n significantly. Taking all these considerations into account, the 
fitting procedure is modified to search for separate ΔGI,m
Odd and ΔGI,mEven values (m=2, 3, 4, and 
∞) instead of the single ΔGI parameter. The wellness of the fitting is illustrated in Figure 7.1. 
The calculated parameters are given in Table 7.1. 
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The excess free energy for the lamellae interfaces ΔGI has negative value since the 
interface is formed by weak forces in comparison with strong covalent bonds along the 
hydrocarbon chains. In opposite, the excess free energy associated with the central plane is 
expected to be positive. Then, the (ΔGC + ΔGI) sum may have either sign. For even chains, 
negative ΔGI is dominating. Small increase of ΔGIEven from 2-layer (m=2) to multilayer (m>10) 
samples can be observed in Figure 7.2a. The difference is about 0.4 kJ/mol. However, the main 
intrigue in the fitting data is the significant stabilization of inter-lamellae interface for odd 
chains, which can be seen for 2, 3 and 4 layers, but fades completely in multilayers. The 
magnitude of the effect in 2 layers (ΔGI,m=2Odd - ΔGI,m=2Even) is about 1.3 kJ/mol.  
It can be hypothesized that the top lamella (close to the free film surface) has enough 
mobility (such as those in 2-layer crystals) to adjust its position and form an optimal 
registration/packing with the adjacent lamella, thus stabilizing the interface. Lamellae far from 
the free surface in the multilayered samples do not have enough mobility under the annealing 
conditions, so that the value of ΔGI,m→∞Odd and ΔGI,m→∞Even are almost the same. This result 
addresses the limitation of the vapor-phase method for multilayer growth.[3, 4]  
It may also be useful to relate these relative differences on an absolute basis for the 
purposes of comparing it with other materials.  We can do this by assigning an absolute value to 
any one of the free energy parameters.  In this case we choose to assign the value of ΔGIODD =-
13.0 kJ/mol, which is the same value as for stacked alkanes [5], and assume that ΔGS = ΔGSUB.  
The other excess free energy parameters are then calculated using the results of the model fitting.  
The values for all of the free energy parameters given on an absolute basis for m=2 are shown in 
Figure 7.2b and compared to alkanes and polyethylene. The values of the surface and interfacial 
energies for polyethylene are assumed to be the same in order to be consistent with the 
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experimental results that a single layer melts at the same temperature as the multilayer.[5, 6]  For 
alkanes, only the value of the interfacial energy can be calculated from reported data on 
multilayer samples.  These excess free energies differ greatly from the measured surface energy 
using contact angle measurements. 
These findings that single layer lamella do not show odd/even effect while stacked 2, 3 
and 4 layers show significant odd/even effect are relevant to the thermodynamic study of layered 
aliphatic systems. The stabilization of the interface for odd chains may be a common cause for 
the odd/even effect in other systems.  Controlling the number of layers in layered systems can be 
challenging and systems that are mostly composed of single layers may not show an odd/even 
effect but stacked samples will behave differently. This result is instructive for polymeric 
coatings [7, 8] and biological membrane applications [9, 10]. 
7.1.2. Fitting of 1-layer, a-few-layer and solution synthesized multilayer AgSCn (n≥7)  
Unlike vapor-phase grown multilayer AgSCn, solution reaction synthesized multilayer 
samples show odd/even effect (chapter 5). Therefore, the limitation of the vapor-phase method 
may have skewed the excess free energy estimation shown in Figure 7.2a. Since the interface 
excess free energy should only depend on the terminal packing of van der Waals gap [1, 11] and 
thus the chain parity, we speculate that interface excess free energy is independent of number of 
layers. To validate this inference, we apply our modified GT-C model in equation (7.3) to long 
chain (n≥7) 1-layer and a-few-layer crystals grown from the vapor-phase method [1] and the 
highly-ordered multilayer samples synthesized from the solution reaction method [11]. 
The model well fits the experimental data, as illustrated in Figure 7.3a. Values for fitting 
parameters are given in Table 7.2 and plotted in Figure 7.3b. Both fittings (section 7.1.1 and 
7.1.2) present same values of T0 and (ΔGS + ΔGSUB + ΔGC). As compared with the prior fitting 
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results shown in Figure 7.2a, this new fitting yields an improved constancy of excess interfacial 
free energy. The dependence of ΔG I as the change of number of layers is significantly reduced. 
The stabilization of odd chain interface is about 0.5 kJ/mol (vs. 1.3 kJ/mol in section 7.1.1). 
Ideally, the difference of odd/even interface energy should be a constant for any number of 
layers. However, since the solution reaction method does not have a capability of controlling 
number of layers, it is hard to guarantee all the samples synthesized have same quality of 
interface conditions. Sample-substrate interaction existed in the 1-layer and a-few-layer samples 
might also introduce extra disparities of the vapor-phased grown crystals and the solution 
synthesized free standing AgSCn. Nevertheless, this fitting is still a giant improvement in 
contrast to that of section 7.1.1. 
We have developed a common methodology that employs size effect melting to estimate 
the interface energy of layered materials, which cannot be accessed by typical measurement 
techniques such as the contact angle method.  
7.2. Short-chain Effect: GT-COM Model  
Although the modified GT-C model discussed in section 7.1 well predicts the odd/even 
parity effect in stacked layers, its nature of using constant ΔGexcess cannot explain the occurrence 
of the short-chain effect. The abrupt deviations of the experimental Tm from that of the GT-C 
model shown in Figure 5.3a prompt the need for a new GT model – the GT-COM model. 
One might argue that the short-chain effect can be predicted by the more accurate 2nd 
order expansion of the GT-C model,[12] yet calculations rebut this possibility. We calculated the 
Tm of short chain AgSCn (n=2-6) using the GT-C model with both the 1st order and 2nd order 
expansions. Models with 1st order and 2nd order expansions are shown in equation 7.4 and 
equation 7.5 as follows:   
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Based on section 5.4.1, ΔGexcess equals -0.30 kJ/mol for even chain AgSCn and 0.71 
kJ/mol for odd chain AgSCn. ΔHexcess is measured from the y-intercept of the ΔHm vs n plot in 
Figure 5.3b (-6.1 kJ/mol for even chain and -2.7 kJ/mol for odd chain). ΔHCH2 and T0 are 
assigned 4.1 kJ/mol and 133.5 oC (obtained from the GT-COM model later in this section), 
respectively, for this estimation. Table 7.3 compares the measured Tm with that calculated from 
equation 7.4, equation 7.5 and the GT-COM model for short chain AgSCn (n=2-6). The new GT-
COM model has the best prediction of the experimental Tm. 
The key feature of the GT-COM model is that it employs a simple and functionally 
incremental change of ΔGexcess for the purpose of modeling the short-chain effect and the parity 
effect with minimum number of parameters. Below the critical length of ncr, the excess free 
energy of AgSCn varies linearly (at rate k) as a function of chain length. The preserved odd/even 
alternation shown in Figure 5.3d inspires a constant representation of the parity effect - ΔGodd-
even. The excess free energy (ΔGBase) of even chain AgSCn above the critical length (n≥7) is set 
as the baseline for all lamellae. Therefore, the alterable excess free energy of AgSCn (n≥2) in the 
GT-COM model is expressed as follows: 
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Based on equation 7.6, the entire data of measured Tm of multilayer AgSCn (Figure 5.3a) 
are separated piecewise by partitioning them into four categories: odd chain, even chain, long 
chain (n≥ncr) and short chain (n< ncr). By replacing the ΔGexcess term in equation 7.4 (GT-C 
model) with equation 7.6, we obtain equation 7.7 as follows: 
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where p=1 (odd chain) and p=2 (even chain) denote the chain parity of AgSCn (n=2-16). 
We set n and p as independent variables and Tm as dependent variable. Equation 7.7 is 
then employed to fit the whole experimental Tm vs n dataset (Figure 2a) to search for the best set 
of values of T0, ΔGBase, ΔGodd-even, k and ncr and minimize the difference between measured Tm 
and the modeled Tm. Tm of AgSC1 is not included in the fitting since AgSC1 has a different 
lattice structure [11]. 
With regard to the fitting operation, we input equation 7.7 as a user-defined function with 
5 unknown fitting parameters (T0, ΔGBase, ΔGodd-even, k and ncr) into the “Non-linear Curve Fit” 
window in Origin 2016 (OriginLab Corporation). After selecting all the experimental Tm vs n 
data (n=2-16) as the input data, we fit simultaneously with all 4 expressions in equation 7.7 until 
the “Reduced Chi-Sqr” stops changing. The final “Adj. R-Square” value of the fitting is 0.992. 
The calculated parameters are given in the second column of Table 7.4. 
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The GT-COM model yields an excellent fitting of the experimental Tm data, as shown in 
Figure 7.4a. The fitted T0 agrees with our prior result [1] and ncr equals the experimental value 
of ncr=7 (section 5.4). The modeled ΔGodd-even is consistent with the one measured in Figure 
5.3d. In contrast, ΔGodd-even estimated from our previous work equals only 0.04 kJ/mol, due to 
the limitation of the synthesis method.[1] 
Figure 7.4b presents the values of ΔGexcess over the entire chain length range (n=2-16). 
This model deconvolutes the short-chain effect (-k(n-ncr), Figure 7.4b yellow region) and the 
parity effect (ΔGodd-even, Figure 7.4b green region) from the GT-C baseline (ΔGBase). The 
comparison of these three contributions to ΔGexcess is visualized in Figure 7.4c. Superposition of 
these terms well predicts the overall size effect melting of AgSCn – melting of AgSC3 (n<ncr) 
has three sources of excess free energy superimposed upon the bulk CH2 melting (dashed line in 
Figure 7.4c). At n≥ncr, the GT-COM model is simply the GT-C model. This comprehensive 
model can also be generalized to other aliphatic layers and is discussed in section 7.3. 
7.3. Universal Rules of Chain Melting  
Findings about the short-chain effect and the parity effect can also be generalized to the 
chain melting of other aliphatic lamellar crystals. Figure 7.4d replots the experimental Tm vs n 
curves of four such compounds: AgSCnH2n+1, CuSCnH2n+1 (CuSCn, copper alkanethiolate) [13, 
14], AuSCnH2n+1 (AuSCn, gold alkanethiolate) [15] and n-alkanes [5, 16]. Modeling parameters 
of these materials are summarized in Table 7.4. Figure 7.5a-d compare the experimental and 
modeled Tm of CuSCnH2n+1, AuSCnH2n+1, n-alkanes (n=3-6001) and n-alkane (n=3-20), 
respectively, with colored shades illustrating the degrees of the short-chain effect, similar to that 
of Figure 5.3a. The GT-COM model well fits all the materials within acceptable errors. The 
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absence of ΔGodd-even for CuSCn and AuSCn is due to the lack of odd chain Tm data in 
literature.[13] Several observations are worth discussion. 
Short-chain effect melting is observed in all aliphatic systems (some materials may also 
have odd/even effect). Their Tm values deviate from the prediction of the GT-C model at n≤ncr, 
but each system has a different critical size of ncr. This implies that different lamellae have 
different lengths of head and/or tail segments. For example, ncr=11.48 revealed for n-alkanes 
infers that there are 5 pairs of non-equivalent carbon groups (i.e. ten carbons) in n-decane, given 
the symmetric molecule structure of n-alkanes. This demonstration is verified by the reported 13C 
NMR result of C10H22, which shows 5 peaks.[17] These 5 peaks are maintained and the intensity 
of the mid-chain peak increases as chain length increases beyond n=11 (e.g. C13H28, inset of 
Figure 7.5d)[18]; whereas in C8H18, only four peaks are observed [19]. This is strong evidence 
for the validity of the segmentation model proposed in this work.    
Interestingly, short-chain effect of the well-known n-alkanes (Figure 7.5d) is 
undiscovered before, although the GT-C model has been applied to this system since decades 
ago.[5, 20-22] As an example, the purple curve in Figure 7.5d refers to Höhne’s GT-C fitting that 
deviates from the experimental Tm at short chains. Since GT-C model was usually employed to 
fit the Tm of n-alkanes with chain lengths up to n~6000, the short-chain deviations at n≤11 were 
easily buried when dealing with such large scale of chain lengths (Figure 7.5c). Although the 
influence of lattice polymorphism, which appears especially at n<40 [23, 24], on Tm is suggested 
to be rather low for n-alkanes,[20] it can be another possible contribution to the Tm deviation in 
Figure 7.5d, besides the short-chain effect. 
The sign of parameter k implies whether the inorganic and/or the interface regions 
increase or decrease the total ΔGexcess of the system at n≤ncr (k=-d(ΔGexcess)/dn). It determines 
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the rate of melting point depression (ΔGexcess<0) or melting point enhancement (ΔGexcess>0) as 
chain length decreases. Figure 7.6 summarizes the ΔGexcess vs n plot for the four materials 
discussed. The inflection points appear at n=ncr. The competition between different sources of 
ΔGexcess (e.g. interface, Ag-S, Au-S or Cu-S regions) can stimulate any of the following short-
chain effect melting: increasing rate of Tm enhancement (odd chain AgSCn), decreasing rate of 
Tm enhancement (AuSCn), increasing rate of Tm depression (n-alkane) and decreasing rate of Tm 
depression (only AgSC6).    
Although different aliphatic lamellae may present different values of ncr, k, ΔGodd-even and 
ΔGodd-even, all of them show similar values of T0 – the asymptotic temperature of chain melting is 
always about 130-145 oC (grey area in Figure 7.4d). This indicates that any alkyl-based lamellar 
materials with very large chain lengths (n∞) melt as if they were infinite bulk alkanes 
(Tm~140 oC) [5]. Any non-uniformity caused by the existence of discrete regions is negligible.     
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7.4. Figures and Tables 
 
Figure 7.1. (a) The proposed model separating the excess energy contributed from the four 
different AgSCn structural regions. (b-f) Results of the model fitting to the 
experimental data of AgSCn grown from the vapor-phase method. This procedure 
fits all the experimental data simultaneously using OriginLab, until the “Reduced 
Chi-Sqr” parameters stop changing. The fitted value for T0=137.7 oC is the same 
for all values of “m” and included in all plots ((b)-(f)) as the orange circle at the 
y-intercept. 
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 Figure 7.2. (a) Plot of the fitted (ΔGC+ΔGI) as a function of number of layers (m) for both 
odd and even chains. (b) Comparison of the excess free energies of AgSCn (m=2) 
with that of polyethylene and n-alkanes. 
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 Figure 7.3. (a) Model fitting of Tm data of long chain AgSCn (n≥7). The 1-layer and 2-layer 
samples are grown from the vapor-phase method while the multilayer samples are 
synthesized from the solution reaction method. The model well fits the 
experimental data. (b) Modified plot of the fitted (ΔGC+ΔGI) as a function of 
number of layers (m) for both odd and even chains. 
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 Figure 7.4. (a) Plot compares the measured Tm (same as Figure 5.3a) and the GT-COM 
modeled Tm as a function chain length for AgSCn (n=2-16). The grey region 
denotes the decomposition temperature of AgSCn. (b) Plot shows the modeled 
excess free energy (ΔGexcess) as a function of chain length. (c) Bar plot compares 
the magnitude of the three terms of excess free energy contributed from the short-
chain effect (yellow), the base energy (blue) and the parity effect (green). The 
dashed line refers to bulk ΔHCH2 as a reference. (d) Plot shows the Tm vs n for 
four aliphatic lamellar systems: n-alkane (purple), AgSCnH2n+1 (red), CuSCnH2n+1 
(green) and AuSCnH2n+1 (blue). The grey region represents the asymptotic Tm 
(130-145 oC) approached by all systems when n∞. 
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 Figure 7.5. (a), (b) and (c) compare the experimental and modeled Tm of CuSCnH2n+1, 
AuSCnH2n+1 and n-alkanes, respectively. The solid blue curves in (a) and (b) refer 
to the GT-C modeling results that use ΔGBase of the corresponding materials (see 
Table 7.3) for the ΔGexcess terms. The dashed blue curves refer to the GT-COM 
model. The cyan colored regions visualize the deviations of the experimental Tm 
from the GT-C model, due to the short-chain effect. (d) Plot compares the 
experimental and modeled Tm vs n for n-alkane lamellae at n≤20. The dashed red 
and blue curves are calculated using the GT-COM model. The solid red and blue 
curves refer to the GT-C model, in which the ΔGexcess term is assigned as the 
ΔGBase of n-alkanes in Table 7.3. The orange and cyan shades visualize the 
deviations of the Tm from the GT-C modeling. The dashed purple curve refers to 
Höhne’s GT-C fitting of n-alkane Tm. The inset replots the solid-state 13C NMR 
spectrum of n-C13H28 lamellae. 
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 Figure 7.6. Plot shows the ΔGexcess vs n relationships of AgSCn, AuSCn, CuSCn and n-
alkanes systems.  
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m Parameters Value Parameters Value 
2 
ΔGC + ΔG I
EVEN 
(kJ/mol) 
-0.56 ± 0.13 (0.21)* 
ΔGC + ΔG I
ODD (kJ/mol) 
0.80 ± 0.12 (0.20)* 
3 -0.65 ± 0.13 (0.21)* 0.51 ± 0.11 (0.20)* 
4 -0.23 ± 0.12 (0.20)* 0.43 ± 0.10 (0.20)* 
∞ -0.23 ± 0.09 (0.19)* -0.19 ± 0.08 (0.18)* 
All To (oC) 137.7 ± 0.8 ΔGS + ΔGSUB + ΔGC (kJ/mol) -2.52 ± 0.08 (0.18)* 
*The first value of uncertainty is obtained from the fitting procedure and assumes the value of 
∆Hmid is fixed at 3.85 kJ/mol without error. The second value of uncertainty shown in 
parenthesis (e.g. (0.21)*) is the total error including the uncertainty of ∆HCH2=3.85±0.16 kJ/mol. 
Table 7.1. Calculated fitting parameters when using equation (7.3) to fit the experimental 
data in Figure 7.1b-f. 
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m Parameters Value Parameters Value 
2 
ΔGC + ΔG I
EVEN (kJ/mol) 
-0.41 ± 0.15 
ΔGC + ΔG I
ODD (kJ/mol) 
0.91 ± 0.13 
3 -0.55 ± 0.15 0.59 ± 0.13 
4 -0.12 ± 0.14 0.52 ± 0.12 
∞ -0.35 ± 0.11 0.39 ± 0.10 
All To (oC) 136.1 ± 0.9 ΔGS + ΔGSUB + ΔGC (kJ/mol) -2.38 ± 0.09 
Table 7.2. Calculated fitting parameters when using equation (7.3) to fit the experimental 
data in Figure 7.3a. 
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 AgSC2 AgSC3 AgSC4 AgSC5 AgSC6 
Measured (oC) 169.4 189.3 142.4 153.8 132.6 
Equation S-1 (oC) 119.1 158.4 126.2 148.1 128.6 
Equation S-2 (oC) 109.1 164.3 123.5 150.1 127.4 
GT-COM (oC) 170.4 187.4 141.4 155.9 132.5 
Table 7.3. Comparison between the measured Tm and those from the GT-C model with 1st 
and 2nd order expansions and the GT-COM model. 
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 AgSCnH2n+1 CuSCnH2n+1 AuSCnH2n+1 n-alkanes 
T0 (
oC) 133.5±2.2 142.3±4.2 138.1±1.9 141.8±0.8 
ΔGBase (kJ/mol) -0.234±0.218 -0.043±0.533 3.42±0.26 -27.54±0.39 
ΔGodd-even (kJ/mol) 0.949±0.040 NA NA -1.12±0.33 
k (kJ/mol) -0.186±0.029 -0.393±0.078 0.235±0.021 1.36±0.14 
ncr 6.95±0.56 6.95±0.78 8.73±0.53 11.48±0.47 
Table 7.4. Table shows the GT-COM modeled parameters of four different aliphatic layered 
systems. 
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CHAPTER 8 
LATTICE STRUCTURE DETERMINATION OF SILVER ALKANETHIOLATE 
This chapter presents a new methodology of combining synchrotron X-ray Diffraction 
(XRD) and Nano-beam Electron Diffraction (NBD) to determine the lattice structure of e-beam 
sensitive organometallic layers. This method is instructive for any beam-sensitive systems [1] as 
well as materials that are difficult to form large single crystals. 
8.1. Introduction 
Although the interlayer lamellar structure of silver alkanethiolate (AgSCnH2n+1 or 
AgSCn) has been well-known, the intralayer lattice structure of AgSCn has been controversial 
for decades. No comprehensive and direct evidence is reported to determine the lattice packing 
as well as the atomic positions of AgSCn, especially the structure of the unique 2D Ag-S slab. 
Several structure models were suggested in literature. Dance et al.[2] proposed a monoclinic unit 
cell with a=8.70 Å, c=4.35 Å and β=120o. The Ag-S backbone is an Ag plane sandwiched 
between two S planes with each Ag or S atom 3-coordinated. This model is too simplified as the 
assumptions a=2c and β=120o, derived from the standard covalent bond length and bond angle, 
are artificial. Fijolek et al.[3] modified Dance’s model and suggested the existence of two 
different Ag-Ag distances with distorted Ag-S hexagons in AgSCn, based on 109Ag NMR results. 
With the help of FTIR and UV-vis spectra, Bensebaa et al.[4] proposed another scenario of 
central plane structure, in which Ag atoms are arranged as in (111) hcp metal surfaces and the 
thiolate groups cover two-third of the “bridge sites” between adjacent Ag atoms. Parikh et al.[5] 
speculated that the subcell packing of AgSCn belongs to either monoclinic or triclinic based on 
the unique FTIR peak at ~1470 cm-1. Levchenko et al.[6] mentioned in one paper that their 
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synchrotron XRD result supported a orthorhombic lattice of AgSCn but they never published the 
data in a later paper. None of these structure models are convincingly confirmed. 
We think there are two major difficulties of solving the structure of AgSCn. Firstly, as an 
organometallic framework, AgSCn is very sensitive to e-beams (Figure 4.10a) [7, 8], such that 
the use of electron diffraction is limited on this material. Secondly, due to the low aspect ratio of 
AgSCn flakes, it is extremely hard to synthesis large enough AgSCn single crystals, especially 
along the layer normal direction, for X-ray single crystal determination [9]. We have tried to 
synthesize such millimeter-level single crystals using sand-bath-recrystallization and self-seeding 
method [10, 11], but the largest crystal we obtained is only 40 μm in lateral size (Figure 8.1). 
In this work, we combined two advanced techniques to comprehensively determine the 
lattice structure of AgSCn (n=3, 15) – powder synchrotron XRD and NBD. NBD overcomes the 
obstacle of e-beam sensitivity whereas powder synchrotron XRD does not require large single 
crystals. Rules of forbidden reflections are employed to determine the space group of AgSCn. 
Parallel tempering [12-15] and charge-flipping algorithms [16-18] are used to solve the atomic 
positions of the material. 
8.2. Experimental Section  
AgSC3 and AgSC15 lamellar crystals studied in this chapter are synthesized using the 
solution reaction method described in section 4.2.1. No impurity exists in the lamellar crystals. 
All samples possesses highly-ordered interlayer lamellar structures and intralayer lattice 
orderings.[8]  
8.2.1. Synchrotron X-ray diffraction (XRD) 
Synchrotron XRD experiment of AgSC15 powders was conducted at beamline X14-A of 
the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory in Upton, 
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NY (operated by Dr. Seymour from Prof. Kriven group, UIUC). Sample preparation was done by 
grinding the powder in a mortar with pestle, and packed into a sapphire capillary that was 
mounted in a longer alumina tube. Powder XRD patterns were collected at room temperature 
with a linear Si strip position-sensitive detector over the 2θ range of 2o-23o and a step resolution 
of 0.005o. The sample to detector distance and wavelength were determined with a LaB6 
standard (SRM 660a, National Institute of Standards and Technology, Gaithersburg, MD) and 
were found to be 1432 mm and 0.7784 Å, respectively.[19] 
Synchrotron XRD pattern of AgSC3 powders was acquired at beamline 11-BM of the 
Advanced Photon Source (APS) at Argonne National Laboratory in Argonne, IL (operated by 
Mr. McCormack from Prof. Kriven group, UIUC). Sample preparation was done by grinding the 
powder in a mortar with pestle, and packed into a Kapton capillary tube. Pattern data were 
collected at room temperature with 12 analyzer detectors over the 2θ range of 5o-35o and a step 
resolution of 0.005o. The wavelength and the linear polar rate used were 0.7753 Å and 0.99, 
respectively. 
In order to minimize the degradation of AgSCn, the total scan time and exposure time for 
both samples were only about 150 s and several minutes, respectively. Crystals under such 
conditions do not degrade, as no deformations of profile shapes and intensity was observed 
during subsequent repeating scans.  
8.2.2. Nano-beam electron diffraction (NBD) 
Low-dose NBD mode electron diffraction experiments on AgSC3 and AgSC15 powders 
were conducted using a JEOL 2100 TEM at 200 kV voltage [20] (operated by Mr. Shao from 
Prof. Zuo group). Two precautions were made to prevent the degradation of samples upon e-
beam exposure: (1) samples were cooled by liquid N2 at -175 oC during the whole experiment; 
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(2) an extremely small beam of 2 nm with a beam current of 0.1 pA or less was used for the 
observation. As a result, AgSCn samples do not show any sign of degradation within ten minutes 
of exposure, in contrast to the fast deformation observed using the SAED mode (Figure 4.10a). 
In this sense, we can record NBD patterns of a same single crystal at multiple sample tilt angles 
along various orientations using a high-tilting holder. Sample preparation by solution drop-
casting was the same as that described in section 4.2.2. 
8.2.3. Data analysis 
Synchrotron XRD patterns were refined and lattice parameter candidates were calculated 
using TOPAS 4.2. Complete solutions of lattice structures and atomic positions were determined 
using both parallel tempering algorithm in FOX v 1.9.7 [21] and charge flipping algorithm in 
Jana2006 v 25/10/2015 [22]. 
8.3. Lattice Constant and Space Group of AgSCn  
8.3.1. Lattice constant determination 
Lattice constants of AgSCn are determined by complementing the synchrotron XRD 
profiles and the NBD patterns. Powder XRD has an excellent capability of measuring lattice 
spacings but it is hard to index the peaks. This is because the powder patterns record reflections 
from all lattice orientations and might be fitted by different unit cells. However, single crystal 
diffraction can be acquired by NBD experiment. Since all crystals drop-cast on holey carbon 
grids lie flat on the substrate with (010) plane parallel to the substrate surface, it is easy to obtain 
single crystal NBD patterns with [010] zone axis, such that lattice constants of a, c and β are 
determined. Nevertheless, absolute spacing measured by NBD is not as precise as XRD due to 
the non-parallel nature of the incident e-beam.  
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More than 50 clear reflection peaks are observed for each of the AgSC3 and AgSC15 
XRD patterns shown in Figure 8.2 and 8.3, respectively. Both profiles are refined using TOPAS 
4.2 with Pawley algorithm and multiple unit cell candidates are generated for each of the 
crystals. The reported weighted profile R-factor (Rwp) for AgSC3 and AgSC15 are 6.36% and 
3.62%, respectively. Rwp considers the error associated with each intensity value (yi) by the 
number of counts, using the weighting factor ωi(2θ), and is defined in equation 8.1.[23] The 
value of Rwp for good results is 2-10%.  
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The purpose of using NBD was to narrow down the selection of lattice constants from 
these candidates. NBD pattern of AgSC3 along the [010] zone axis is presented in Figure 8.4a. 
The spots closest to the center [000] are set as bases for a and c, as denoted by the blue arrows in 
the patterns. The extinct or weak intensity of [100] and [001] spots are detailed in section 8.3.2 
due to forbidden reflection conditions. Ranges of a and c estimated from NBD for AgSC3 are 
4.3-4.7 Å and their ratio a/c equals 1.02±0.01. The angle between a and c bases is β=101.7±0.4o. 
As a result, we can determine the lattice parameters of AgSC3 from the unit cells suggested by 
XRD refinement to be a=4.6433 Å, c=4.5093 Å, β=101.9836o and b=12.6040 or 25.2079 Å. The 
value of b depends on the selection of space group and is consistent with the multiple of layer 
thickness revealed by XRD lamellar reflections (layer thickness of AgSC3 is 12.6 Å) [8, 24]. 
Similar analysis is conducted on AgSC15 with NBD patterns shown in Figure 8.4c. 
Lattice parameters determined are a=4.8178 Å, b=41.3025 or 82.6050 Å, c=4.6502 Å and 
β=100.228 Å. Both AgSC3 and AgSC15 have monoclinic unit cells with similar intralayer lattice 
155 
 
constants, a, c and β. This agrees with our previous demonstration that AgSCn (n=2-16) share a 
common lattice packing.[8] 
8.3.2. Space group determination 
Space group of AgSCn is determined by analyzing the extinction conditions of reflection 
peaks. Since X-ray diffraction is almost pure kinematic, its reflection patterns usually follow the 
reflection condition defined by symmetry and structure factor. However, double/multiple 
diffraction is inevitable in electron diffraction, since only the thinnest sample shows one 
scattering, such that kinematically forbidden spots might be present and their intensity depends 
on the tilting of the incident e-beam from the regular zone axis.[25-27] In this study, the 
appearance or absence of the forbidden spots depends on the tilt angle of AgSCn sample from the 
[010] zone axis.  
Figure 8.4b shows the NBD pattern of AgSC3 lamellae when tilting the sample stage by 
13o from the [010] zone axis, which is present in Figure 8.4a. The forbidden {100}, {001}, 
{201} and {102} spots, as illustrated by the green circles, are observed after sample tilting. This 
result is instructive for space group determination as different space groups by nature follow 
different reflection rules. By comparing Figure 8.4a and 8.4b, we can figure out the reflection 
condition for AgSC3 is as follows: h=2n for {h00}, l=2n for {00l} and h+l=2n for {h0l}. Since 
we have limited information on the reflection conditions of other sets of planes such as {0k0}, 
{hk0}, {0kl} and {hkl}, there are 11 monoclinic space groups satisfy the above condition for 
AgSC3.[28] They are B121, B1211, I121, B1m1, P1n1, I1m1, B12/m1, B121/m1, I12/m1, 
P12/n1 and P121/n1, among which the b lattice constant of all B-cells, all I-cells and P121/n1 
cell equals 25.2079 Å. This result also applies to AgSC15 crystals with the presence of forbidden 
spots shown in Figure 8.4d.  
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The next step of space group determination involves the comparison between the 
experimental XRD pattern and the simulated profile generated by each of the above 11 space 
groups and the corresponding lattice parameters. We found that some extra experimental peaks 
are not included in the patterns generated by 8 of the 11 space groups; whereas P1n1, P12/n1 
and P21/n1 space groups well fit the experimental profiles of AgSC3 and AgSC15. 
P1n1 and P12/n1 have exactly the same reflection conditions as what we proposed above 
for AgSCn, whereas the reflection rules for P121/n1 contain those of P1n1 plus an additional 
condition of k=2n for (0k0). Identification of these three space groups requires the help of 
Convergent Beam Electron Diffraction (CBED) [29-31]. However, the converged beam burned 
AgSCn samples immediately after exposure. No precaution has been found to prevent the 
degradation. Figure 2 and Figure 3 show the index of the XRD patterns of AgSC3 and AgSC15, 
respectively, when their space groups are P1n1 or P2/n. At this stage, we might need some 
strategy to speculate the real space group of AgSCn based on the atomic position simulation 
described in section 8.4.  
8.4. Atomic Positions of AgSCn Crystals 
Complete lattice structure solution of atomic positions of AgSCn requires advanced 
parallel tempering (FOX) [12-15, 21] and charge flipping (Jana2006) [16, 17] algorithms. The 
simulations are done by fitting the intensity of the synchrotron XRD peaks and thus the structure 
factors of atoms in order to search for the best atomic coordinates. This procedure takes a 
number of trials and errors and is still in progress at this stage.   
8.5. Summary 
In this chapter, we developed a new methodology of determining the lattice structure of 
beam-sensitive organometallic layers (AgSCn) that cannot be synthesized into large single 
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crystals. Sample damage is prevented by using NBD mode electron diffraction under liquid N2 
cooling. This method combines synchrotron XRD and NBD to solve lattice parameters and 
utilizes the reflection condition of crystals to determine the space group. Complete solutions of 
the atomic coordinates of AgSCn, especially the Ag-S arrangement at the central inorganic slab, 
is in progress under investigation. 
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8.6. Figures 
 
Figure 8.1. Optical microscope image of AgSC15 single crystal flakes formed using the self-
seeding method. 
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 Figure 8.2. Powder synchrotron XRD pattern of AgSC3 lamellar crystals with plane indexes. 
The refinement shows an Rwp=6.36%. The indexes with green colors represent the 
reflections shown on the NBD pattern in Figure 8.4a. 
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 Figure 8.3. Powder synchrotron XRD pattern of AgSC15 lamellar crystals with plane 
indexes. The refinement shows an Rwp=3.62%. The indexes with green colors 
represent the reflections shown on the NBD pattern in Figure 8.4c. 
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 Figure 8.4. NBD pattern of AgSC3 (a and b) and AgSC15 (c and d). (a) and (c) are taken at 
[010] zone axis, while (b) and (d) are tilted from (a) and (c) by 13o and 7o, 
respectively. The green circles in (b) and (d) show the appearance of 
corresponding red forbidden or weak spots in (a) and (c), respectively. Blue 
arrows represent the base vectors for AgSC3 and AgSC15. 
 
 
 
162 
 
8.7. References 
1. H. F. Greer and W. Zhou, Electron diffraction and HRTEM imaging of beam-sensitive 
materials, Crystallography Reviews, 17, 163-185 (2011) 
2. I. G. Dance, K. J. Fisher, R. M. H. Banda and M. L. Scudder, Layered Structure of 
Crystalline AgSR, Inorg. Chem., 30, 183-187 (1991) 
3. H. G. Fijolek, J. R. Grohal, J. L. Sample and M. J. Natan, A facile trans to gauche 
conversion in layered silver butanethiolate, Inorg. Chem., 36, 622-628 (1997) 
4. F. Bensebaa, T. H. Ellis, E. Kruus, R. Voicu and Y. Zhou, Characterization of self-
assembled bilayers: Silver-alkanethiolates, Langmuir, 14, 6579-6587 (1998) 
5. A. N. Parikh, S. D. Gillmor, J. D. Beers, K. M. Beardmore, R. W. Cutts and B. I. 
Swanson, Characterization of Chain Molecular Assemblies in Long-Chain, Layered 
Silver Thiolates: A Joint Infrared Spectroscopy and X-ray Diffraction Study, J. Phys. 
Chem. B, 103, 2850-2861 (1999) 
6. A. A. Levchenko, C. K. Yee, A. N. Parikh and A. Navrotsky, Energetics of Self-Assembly 
and Chain Confinement in Silver Alkanethiolates: Enthalpy-Entropy Interplay, Chem. 
Mater., 17, 5428-5438 (2005) 
7. L. Hu, Z. S. Zhang, M. Zhang, M. Y. Efremov, E. A. Olson, L. P. de la Rama, R. K. 
Kummamuru and L. H. Allen, Self-Assembly and Ripening of Polymeric Silver-
Alkanethiolate Crystals on Inert Surfaces, Langmuir, 25, 9585-9595 (2009) 
8. Z. Ye, L. P. de la Rama, M. Y. Efremov, J.-M. Zuo and L. H. Allen, Approaching the size 
limit of organometallic layers: synthesis and characterization of highly ordered silver-
thiolate lamellae with ultra-short chain lengths, Dalton Trans., 45, 18954-18966 (2016) 
9. P. D. Jadzinsky, G. Calero, C. J. Ackerson, D. A. Bushnell and R. D. Kornberg, Structure 
of a thiol monolayer-protected gold nanoparticle at 1.1 angstrom resolution, Science, 
318, 430-433 (2007) 
10. D. J. Blundell and A. Keller, The concentration dependence of the linear growth rate of 
polyethylene crystals from solution, Journal of Polymer Science Part B: Polymer Letters, 
6, 433-440 (1968) 
11. A. T. Kwan, M. Efremov, E. A. Olson, F. Schiettekatte, M. Zhang, P. H. Geil and L. H. 
Allen, Nanoscale calorimetry of isolated polyethylene single crystals, J. Polym. Sci., Part 
B: Polym. Phys., 39, 1237-1245 (2001) 
12. D. J. Earl and M. W. Deem, Parallel tempering: Theory, applications, and new 
perspectives, Phys. Chem. Chem. Phys., 7, 3910-3916 (2005) 
163 
 
13. T. Bataille, N. Mahe, E. Le Fur, J. Y. Pivan and D. Louer, Using the parallel tempering 
algorithm to overcome complex problems in structure determination of inorganic 
materials with laboratory X-rays, Zeitschrift fur Kristallographie, 221, 9-14 (2006) 
14. G. K. Helmut, T. Simon, A. H. David and T. Matthias, Feedback-optimized parallel 
tempering Monte Carlo, Journal of Statistical Mechanics: Theory and Experiment, 2006, 
P03018 (2006) 
15. E. Bittner, A. NuÃŸbaumer and W. Janke, Make Life Simple: Unleash the Full Power of 
the Parallel Tempering Algorithm, Phys. Rev. Lett., 101, 130603 (2008) 
16. G. Oszlanyi and A. Suto, Ab initio structure solution by charge flipping, Acta 
Crystallographica Section A, 60, 134-141 (2004) 
17. G. Oszlanyi and A. Suto, Ab initio structure solution by charge flipping. II. Use of weak 
reflections, Acta Crystallographica Section A, 61, 147-152 (2005) 
18. C. Baerlocher, B. McCusker Lynne and L. Palatinus, Charge flipping combined with 
histogram matching to solve complex crystal structures from powder diffraction data, 
Zeitschrift fur Kristallographie, 222, 47 (2007) 
19. K. C. Seymour, R. W. Hughes and W. M. Kriven, Thermal Expansion of the 
Orthorhombic Phase in the Ln2TiO5 System, J. Am. Ceram. Soc., 98, 4096-4101 (2015) 
20. K.-H. Kim, H. Xing, J.-M. Zuo, P. Zhang and H. Wang, TEM based high resolution and 
low-dose scanning electron nanodiffraction technique for nanostructure imaging and 
analysis, Micron, 71, 39-45 (2015) 
21. V. Favre-Nicolin and R. Cerny, FOX, 'ree objects for crystallography': odular approach 
to ab initio structure determination from powder diffraction, J. Appl. Crystallogr., 35, 
734-743 (2002) 
22. V. Petricek, M. Dusek and L. Palatinus, Crystallographic Computing System JANA2006: 
General features, Zeitschrift fur Kristallographie - Crystalline Materials, 229, 345 (2014) 
23. C. T. Kniess, J. Cardoso de Lima and P. B. Prates, The quantification of crystalline 
phases in materials: applications of Rietveld Method, In: V. Shatokha, Sintering - 
Methods and Products, InTech, 293-316, (2012) 
24. L. P. de la Rama, L. Hu, Z. Ye, M. Y. Efremov and L. H. Allen, Size Effect and Odd-
Even Alternation in the Melting of Single and Stacked AgSCn Layers: Synthesis and 
Nanocalorimetry Measurements, J. Am. Chem. Soc., 135, 14286-14298 (2013) 
25. J.-M. Zuo and J. C. H. Spence, Advanced Transmission Electron Microscopy, Imaging 
and Diffraction in Nanoscience, Springer, (2017) 
26. D. I. Woodward and I. M. Reaney, Electron diffraction of tilted perovskites, Acta 
Crystallographica Section B, 61, 387-399 (2005) 
164 
 
27. N. Sigemaro, N. Yoshio and S. Toshiaki, Forbidden Reflection Intensity in Electron 
Diffraction and Its Influence on the Crystal Structure Image, Jpn. J. Appl. Phys., 21, 
L449 (1982) 
28. T. Hahn, International tables for crystallography, Volume A: space-group symmetry, 
Springer, (2005) 
29. T. Hashimoto, K. Takagi, K. Tsuda, M. Tanaka, K. Yoshida, H. Tagawa and M. Dokiya, 
Determination of the Space Group of LaCrO3 by Convergent Beam Electron Diffraction, 
J. Electrochem. Soc., 147, 4408-4410 (2000) 
30. J. P. Morniroli, CBED and LACBED characterization of crystal defects, Journal of 
Microscopy, 223, 240-245 (2006) 
31. K.-H. Kim and J.-M. Zuo, Symmetry quantification and mapping using convergent beam 
electron diffraction, Ultramicroscopy, 124, 71-76 (2013) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
165 
 
CHAPTER 9 
SYNTHESIS AND CHARACTERIZATION OF LAYERED HYDROXYL 
ALKANETHIOLATE 
9.1. Introduction 
The effect of interface and surface on the size-dependent chain melting of metal thiolate 
layers has been studied by adjusting material structures in two degree of freedom – either by 
changing the chain length (chain parity) or the number of layers.[1] Interfacial regions were 
created when multiple single layers stacked into multilayer lamellae; interface 
structure/registration or surface arrangement were alternatively tuned by tailoring the parity of 
chain length – forming odd or even chain interfaces with different van der Waals gaps. With 
these options, currently we can manipulate the Tm of AgSCn in a range as large as 90 oC 
(~190 oC for multilayer AgSC3 and ~100 oC for 1-layer AgSC7). 
Another potential method of tuning the chain melting of layered thiolates concerns with 
the tailoring of terminal functional groups. In the case of 2D self-assembled monolayers (SAM), 
the surface characteristics are, in fact, largely influenced by the terminal functionalities.[2] For 
example, 2D SAM with hydroxyl (OH) terminal groups possess a hydrophilic character whereas 
CH3 terminated surfaces are hydrophobic. Tuning molecule properties by interface functionality 
modification has applications in surface coatings [3] as well as biological membranes [4-6]. The 
scientific mechanism of this method lies in the difference of interactions and steric hindrance for 
different terminal groups. OH and COOH groups are bonded by H-bonding while CH3 groups 
are only connected by relatively weak van der Waals forces. The only work on the interface 
tailoring of organometallic layers was done on silver carboxylate lamellar crystals with OH 
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terminal group (AgO2CC15H30OH).[7] We expect interface tailoring of AgSCn can further 
extend the temperature range (>90 oC) that researcher can manipulate.  
In this chapter, we systematically investigated the structure, composition, morphology 
and thermal properties of AgSCn with OH terminal functionality (AgSCnOH, n=2-11) for the 
first time. AgSCnOH is also verified to be layered crystals with similar intralayer and interlayer 
structures as that of AgSCn [8]. Alkyl chains in AgSCnOH have fully-extended all-trans 
conformations. The only major structural and compositional difference of AgSCnOH from 
AgSCn is the terminal attached OH groups. This results in a huge increase of Tm (generally 
30 oC-50 oC) of AgSCnOH from that of corresponding AgSCn.  We also report an interesting 
double cooling peak phenomenon observed in AgSCnOH, with, for example, only one melting 
peak but two corresponding solidification peaks shown during the heating/cooling cycles of 
AgSC9OH. 
9.2. Material Synthesis and Characterization 
9.2.1. Solution synthesis of AgSCnOH (n=2-4, 6, 8, 9, 11) lamellae 
Materials: The following chemicals are purchased from Sigma-Aldrich Co. and used 
without further purification: silver nitrate powder (AgNO3, ≥99.0%), acetonitrile (99.8%), 
triethylamine (≥99.0%) and 1-hydroxyl alkanethiols with various chain lengths (1-HOCnH2nSH, 
n=2-4, 6, 8, 9, 11, ≥98%). 
Synthesis: Multilayer AgSCnOH (n=2-4, 6, 8, 9, 11) crystals are synthesized using the 
solution reaction method that is described in chapter 4. This method has been proved to grow 
AgSCn lamellae with highly-ordered interlayer interfaces and intralyer structures. AgSCnOH 
crystals precipitate out when gradually adding an AgNO3 (1 mmol) acetonitrile (15 ml) solution, 
at a rate of 1 ml/min, into another acetonitrile (30 ml) solution of 1-hydroxyl alkanethiol (2 
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mmol) and trimethylamine (2 mmol). The mixture is stirred for 1 day without light exposure. 
The precipitates are separated from the liquid phase using vacuum filtration and washed with 
acetonitrile (~5 ml) for 2-3 times. 
Hot toluene recrystallization is useless in synthesizing AgSCnOH, which is insoluble in 
the solvent. The process is stimulated by chain melting and can only be achieved in materials 
with Tm that is close to the boiling point (110 oC) of toluene.[9] This suggests that AgSCnOH 
has a much higher Tm than 110 oC and is similar to the melting of extremely short chain AgSCn 
(n=1-3). However, hot toluene Ostwald ripening is still used to further anneal the as-grown 
AgSCnOH. 10ml hot toluene at about 95-105 oC is used. The processed crystals are passively 
cooled down to room temperature and are collected after acetonitrile washing and vacuum 
filtering. The white crystals are then dried overnight in air.  
9.2.2. Characterization of AgSCnOH (n=2-4, 6, 8, 9, 11) 
Elemental analysis (at Noyes Lab): The contents of C and H in AgSCnOH are 
characterized in an Exeter Analytical CE 440 CHN Analyzer. The contents of Ag and S are 
measured in a PerkinElmer 2000DV optical emission spectrometer with Inductively Coupled 
Plasma. 
Thermogravimetric Analysis (TGA): The decomposition properties of AgSCnOH are 
studied in a TA-Q50 TGA analyzer. All the experiments are conducted under N2 atmosphere 
from room temperature to 500 oC, with a heating rate of 10 oC/min. 
Powder X-ray Diffraction (XRD): Powder XRD measurements are done in a Siemens 
D5000 diffractometer using Cu-Kα radiation (λ=1.5418 Å, 40 kV, 30 mA). XRD patterns are 
acquired by 2θ scanning at a rate of 1o/min and a step size of 0.02o. Samples are packed in a well 
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of a standard sample holder. The raw patterns are fitted via JADE-9 X-ray analysis software. 
Interlayer spacings of lamellae are automatically calculated using Bragg’s Law. 
Fourier Transform Infrared Spectroscopy (FTIR): The conformational order of alkyl 
chains in AgSCnOH are studied by a Thermo Nicolet Nexus 670 FTIR. Samples are prepared by 
drop-casting AgSCn-acetonitrile suspensions on Si substrates. Absorbance spectra (1175-3100 
cm-1) are collected with a spectral resolution of 2 cm-1 and the signal-to-noise ratio is enhanced 
by averaging over 128 scans.  
Transmission Electron Microscopy (TEM) and Selected Area Electron Diffraction 
(SAED): A JEOL 2100 TEM is employed at 200 kV to study the morphology as well as the 
single crystal electron diffraction of AgSCnOH. AgSCnOH-acetonitrile suspensions (2-6 
mmol/L) are drop-casted on holey carbon membranes for sample preparation. Beam current is set 
very low (~1-2 pA/cm2) to slow down the degradation of crystals under e-beam exposure.[10]  
Differential Scanning Calorimetry (DSC): The melting properties of AgSCnOH are 
measured using a PerkinElmer Standard Single-Furnace DSC-4000 with aluminum sample pans. 
The heating and cooling rates are set to be 10 oC/min. The instrument is calibrated using indium 
and zinc.[11] Experiments are conducted in a N2 environment. The heat capacity (Cp) of the 
sample is calculated by dividing the heat flow over scanning rate. The obtained calorimetric 
curves are used to determine the melting temperature (peak position) and melting enthalpy (peak 
area) of the samples. 
Solid-state Nuclear Magnetic Resonance (13C NMR): 13C NMR spectroscopy is 
applied to measure the chemical environment of carbons along the alkyl chains in 
AgSCnOH. All the spectra were obtained using a Varian Unity Inova 300 NMR 
spectrometer (7.05 T), operating at a resonance frequency of ν0 (13C) = 75.47 MHz at 
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room temperature. A Varian/Chemagnetics 4mm double-resonance APEX HX magic-
angle spinning (MAS) probe was used for all MAS experiments under a spinning rate of 
10 kHz and TPPM 1H decoupling. The samples were finely ground and packed into 4 
mm o.d. standard zirconia rotors. Experimental carbon chemical shift referencing, pulse 
calibration and cross-polarization condition were done using powdered hexamethylbenzene 
(HMB), which has a chemical shift of 17.3 ppm (for the methyl peak) relative to the primary 
standard, TMS at 0 ppm. For cross-polarization MAS (CPMAS) experiments, the 1H 90 degree 
pulse width was 2.25 µs, the contact time used was 1 ms and the recycle delay was set to 2 s. 
Generally, ~600-1000 scans were acquired with an acquisition time of 40 ms for each spectrum 
to get decent signal-to-noise ratio. Typical line broadening applied for most spectra was 25 Hz 
with 2 or 3 zero fills done to get 8192 data points in the frequency domain spectra. 
Atomic Force Microscopy (AFM): The topography of the AgSC9OH crystals on inert 
substrate is studied using an Asylum MFP-3D AFM (tapping mode) with sharp silicon 
nitride tips from Budget Sensors. 
9.3. Composition and Morphology of AgSCnOH 
Mass fractions of C, H, Ag and S in the thiolates, determined by elemental analysis, are 
consistent with the formulae AgSCnH2nOH (n=2-4, 6, 8, 9, 11) within experimental errors, as 
shown in Table 9.1. No N (<0.1%) is detected in the compounds, which eliminates possible 
contaminations of the products by the nitrate, solvent (CH3CN) or trimethylamine. 
TEM images of AgSCnOH (n=2, 3, 6) lamellae are illustrated in Figure 9.1. All images 
show well-defined nanosheets with low aspect ratios and recognizable crystal facets and shapes. 
Some flakes are thin enough to be transparent. 
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9.4. Conformational Order of Polymethylene Chains 
FTIR is employed to study the chain conformational order of AgSCnOH lamellae, 
following prior works.[10, 12, 13] Figure 9.2a shows the low frequency region of the FTIR 
spectra (1175-1350 cm-1). As discussed in section 4.7.1, This region of methylene wagging (Wx) 
mode is widely used to estimate the average number (m) of CH2 groups in the trans sequence of 
an alkyl chain.[12-17] The inter-band spacing (Δν) of this progression series is measured. Δν is 
related to m by the following equation:  
326
1m
υ∆ =
+
  (9.1) 
The calculated trans segment length, in terms of number of CH2 units (m), for each 
AgSCnOH (except for n=2), is labeled in Figure 9.2a and satisfies m=n. This result suggests that 
all the C-C bonds in AgSCnOH layers are in trans conformation. Although the measured m 
equals n-1 in AgSCn, this result is essentially consistent in lamellar systems. The number of 
trans conformers essentially equals the number of CH2 groups. 
Figure 9.2b shows the FTIR spectra of AgSCnOH crystals for the C-H stretching region 
(2750-3000 cm-1). Peak positions of CH2 stretching modes are sensitive indicators of chain 
ordering.[18-20] The symmetric (νs(CH2), d+) and anti-symmetric (νas(CH2), d-) stretching 
modes of CH2 groups are located at 2845-2851 cm-1 and 2915-2920 cm-1, respectively, for all 
samples, indicating all-trans polymethylene chains. Such all-trans conformations also exist in 
extremely short chain AgSC2OH and AgSC3OH. In contrast to the AgSCn compound, AgSC3 
has some gauche defects and the trans/gauche conformers are not defined in AgSC2.[8] This is 
because trans conformation can be defined in a C-OH bond but yet in a C-CH3 bond. The strong 
rigidity of the H-bonding among OH groups probably helps restrict the degree of freedoms of the 
chains and tend to keep defects away in AgSCnOH, as compared with AgSCn. 
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The broad FTIR band at about 3300 cm-1 is a typical feature of H-bonded alcohols. The 
asymmetric and broad nature of the band indicates the presence of a variety types of H-bonded 
structures.[21, 22] This implies that H-bonding exists not only between adjacent interlayer OH 
groups but also between intralayer OH groups, similar to the case reported for 
AgO2CC15H30OH.[7]       
Figure 9.3 shows the solid state 13C NMR spectra of AgSCnOH (n=2-4, 6, 8, 9, 11). The 
measured samples of AgSC2OH (expect only 2 peaks) and AgSC4OH (expect only 4 peaks) 
present extra peaks that indicate the crystals are probably contaminated by HOC2H4SH and 
HOC4H8SH. Similar to that of AgSCn, the chemical shift of the mid-chain CH2 groups is ~34.5 
ppm, indicating the all-trans conformation of these groups.  This mid-chain peak starts to show 
in AgSC6OH and its intensity increases progressively as chain length increases. The most 
deshielded peak at 62-65 ppm for all lamellae represents the OH attached CH2 unit and its 
electrons are strongly pulled away by the functional group with high electronegativity. The peaks 
to the left of the mid-chain signal at 38-41 ppm is suggested as head groups close  to the Ag-S 
backbone, while the peak to the right of the mid-chain groups at 28-30 ppm refers to be the 
penultimate CH2 group, which combined with the OH-attached CH2 to form the tail segment.    
9.5. Lamellar Structure of AgSCnOH 
Layer thickness, determined from the XRD (0k0) reflections, of AgSCnOH (n=1-
16) as a function of chain length is plotted in Figure 9.4a. Data are fitted separately for 
odd and even chain crystals. The linear nature of the fitting verifies alkyl chains in 
AgSCnOH are similarly-extended. Considering the all-trans characteristic of lamellae 
(section 9.4), all AgSCnOH chains are essentially fully-extended. The two fitting lines 
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share a common slope within experimental error (±0.001), which indicates that the alkyl 
chains are tilted by 19.8±2o. This angle is very close to that of AgSCn. 
Interestingly, no significant odd/even alternation, if any, is observed for the layer 
thickness of AgSCnOH, in contrast to the 0.49 Å odd/even difference of van der Waals 
gap observed in AgSCn [1, 8]. Figure 9.4b compares the layer thickness between the two 
lamellar systems. Even chain AgSCnOH have almost the same layer thickness as even 
chain AgSCn, whereas odd chain AgSCnOH are about 0.52 Å thicker than odd chain 
AgSCn. This result is not intuitive as we may expect a huge increase of layer thickness 
when replacing H atoms with larger sized OH groups. However, due to their different 
types of interfacial interactions, the H-bond radius of OH groups (1.3 Å) is actually very 
close to the van der Waals radius of H atoms (1.2 Å). Unlike the case of AgSCn [1], the 
certain different orientations of the OH groups between odd chain interface and even 
chain interface of AgSCnOH cancel out the possible odd/even alternations of layer 
thickness (Figure 9.5). The more densely packed H-bonded gap in AgSCnOH, as 
compared with the van der Waals gap of AgSCn, compensates the difference of C-O bond 
and C-H bond and results in similar layer thicknesses between the two lamellae materials.    
9.6. Intralayer Ordering of AgSCnOH 
SAED is used to measure the degree of ordering for both intralayer and interlayer 
structure of AgSCnOH. Similar to AgSCn, AgSCnOH lamellae also degrade under e-beam 
exposure. A short exposure time (<20 s) and a low beam current (~1-2 pA/ cm2) is employed to 
obtain the undamaged intrinsic properties of the sample.[10] 
Figure 9.6a and 9.6b shows the SAED patterns (zone axis [010]) of single crystalline 
AgSC3OH and AgSC2OH, respectively. Due to cluster aggregation (Figure 9.1c), the SAED 
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patterns of other longer chain AgSCnOH (n=4, 6, 8, 9, 11) always show polycrystalline 
characteristics. The presence of single crystal diffraction patterns indicates that the intralayer 
structures of AgSCnOH are highly ordered. The absence of angular breadth or arcing of high-
angle spots eliminates the existence of a mosaic structure in the interlayer (0k0) planes of 
AgSCnOH. A translational symmetry exists in the lamellae stacked along the [010] direction and 
the H-bonded interfaces are well-registered. The similarity of the SAED patterns of AgSC2OH 
and AgSC3OH reveals their identical intralayer packing and a common structure of their Ag-S 
networks. However, the quantitative estimation shows that the ratio of a and c lattice constants in 
AgSCnOH is slightly different from that of AgSCn (Figure 4.11b-h). This probably implies that 
H-bonding has deformed the intralayer subcell packing of AgSCnOH from that of AgSCn. More 
quantitative measurements using nanobeam electron diffraction are required to verify the 
conclusion. 
9.7. Thermal Decomposition of AgSCnOH 
TGA results of AgSCnOH (n=2-4, 8, 9, 11) are presented in Figure 9.7a. All the samples 
show similar irreversible decomposition profiles with onset temperatures (Tonset) between 210-
240 oC, consistent with the decomposition temperature range measured in AgSCn (Figure 4.7) 
[8, 9]. Tonset progressively increases as the increase of chain length, which is also observed in 
AgSCn. This is attributed to the increase of cohesive interactions among alkyl groups as chain 
length increases,[9] and agrees with the reported data on the decomposition of AuSCn [16].  
Residue materials after TGA of AgSCnOH are also mixtures of Ag and Ag2S. Weight 
contents of the residue Ag and Ag2S, estimated from the measured weight loss (%), for each 
AgSCnOH are summarized in Table 9.2. 
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Both AgSCnOH and AgSCn lamellae decompose in a very similar manner with close 
Tonset and residue materials. The existence of terminal functionality does not alter the 
decomposition of lamellae. We suggest the Ag-S network is the determinant factor of the 
thermal stability of the system. 
9.8. Chain Melting of AgSCnOH 
Figure 9.8a-c show the DSC heating/cooling traces of AgSC6OH, AgSC9OH and 
AgSC11OH lamellae, respectively. The Cp vs T profiles are highlighted by the selective 
appearance of double melting/solidification peaks. The entire range of AgSCnOH system can be 
divided into three regions in perspectives of melting characteristics. (1) For AgSCnOH with n≤6, 
only one chain melting peak and one solidification peak are observed, similar to that of AgSCn. 
(2) For AgCnOH with 8≤n≤9, the single solidification peak splits into two peaks. The sum of the 
heat of fusion of the two solidification peaks equals that of the single melting peak. This 
indicates that the two solidification peaks represent the same phase transition as the melting 
peak. The FWHM of the solidification peak with lower peak temperature is about the same as 
that of the melting peak. (3) Both the melting and solidification peaks split into double peaks in 
the phase transition of AgSC11OH. The sum of the enthalpy of melting peaks equals that of the 
solidification peaks. The mechanism of the interesting double peak splitting is still not clear to 
us. Inspired by the factor that the molar enthalpy of the solidification peak at the lower 
temperature measured in AgSC9OH is close to that of AgSC9, we suggest that the two cooling 
peaks represent the separate/segmented solidifications of terminal hydroxyl groups (H-bonding) 
and the alkyl chains (van der Waals interactions). Another possible explanation involves the 
formation of potential rotor phases, which is common for aliphatic systems.[23-27] Variable-
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temperature XRD or SAED might be helpful to detect whether any new phases forms during the 
heating/cooling cycles and determine the mechanism of the phenomenon.  
Figure 9.9 presents the Tm of AgSCnOH as a function of chain length. Tm of AgSCnOH 
lamellae are typically 30 oC-50 oC higher than that of corresponding AgSCn (ΔTm~15 oC for 
AgSC3OH) with same chain lengths. This is attributed to the stabilization effect of the strong 
hydrogen bonding (among OH groups) on the chain melting of AgSCnOH, whereas in AgSCn, 
the weak van der Waals force is the only type of interaction among adjacent layers. This result is 
an example of Tm manipulation due to interface tailoring. 
Tm of alkanethiolate layered system can now be manually controlled in a temperature 
range as large as 105 oC (~100 oC for 1-layer AgSC7 and ~205 oC for multilayer AgSC3OH), 
through compositional (e.g. change chain length and functionality) or structural (e.g. change 
number of layers) alterations of the material. 
9.9. AgSCnOH Synthesized by Vapor-phase Method 
Besides the solution reaction method, the vapor-phase method [10, 28], developed in our 
group, was also employed to synthesize AgSCnOH lamellar crystals on inert substrate. However, 
most of the experiment fails. The only promising results appear in one synthesized AgSC9OH 
sample.  
The synthesis was achieved by first depositing 4.8 Å Ag clusters on SiNx substrate and 
NanoDSC sensors at 0.5 Å/s using thermal evaporation (base pressure: 5×10-8 Torr). The 
samples were then exposed under HOC9H18OH vapors for 80 h. The as-grown AgSC9OH was 
then annealed in a vacuum furnace (base pressure: 1×10-7 Torr) to 116 oC.  
Figure 9.10a shows the AFM morphology image of AgSC9OH grown on SiNx substrate. 
It presents the crystals are at most about 1 μm2, which is smaller than that of AgSCn crystals 
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grown on the same substrate [1, 10, 28]. The crystals have rough top surfaces and do not present 
very well-defined facets and terraces. Histogram shows the number of layers of the crystal is 
about 2-4 layers. XRD measurements on AgSC9OH do not show any (0k0) lamellar peaks, 
which indicates a relatively poor crystal quality as compared with substrate-grown AgSCn 
crystals [1, 10, 28]. FTIR results shown in Figure 9.10b verify the all-trans conformation of the 
crystals, with symmetric and anti-symmetric CH2 stretching modes at 2848 and 2918 cm-1, 
respectively. The broad peak shown in the range of 3200-3300 cm-1 represents the existence of 
H-bonded OH groups. Figure 9.10c shows the nanocalorimetry data of AgSC9OH, with a 
Tm=166 oC, which is slightly lower than that of the multilayer AgSC9OH (Tm=184 oC) 
synthesized from solution. Such difference probably is attributed to the size-dependent melting 
of AgSC9OH with different number of layers. 
The difficulty of growing well-ordered AgSCnOH using vapor-phase method prevents 
the nanocalorimetry analysis on the system. Future improvement in the growth method is 
necessary for this project.     
9.10. Conclusions 
Multilayer AgSCnOH (n=2-4, 6, 8. 9, 11) lamellar crystals are systematically 
synthesized using the solution reaction method. All crystals have all-trans chain 
orderings, well-defined interlayer registrations and intralayer orderings. AgSCnOH 
decomposes in a similar manner as that of AgSCn. Tm of AgSCnOH is much higher than 
that of the corresponding AgSCn with same chain lengths. An interesting double peak 
splitting is discovered in the melting and solidification of AgSCnOH.    
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9.11. Figures and Tables 
 
Figure 9.1. TEM images show the well-defined nanosheet morphology of (a) AgSC2OH, (b) 
AgSC3OH and (c) AgSC6OH lamellar crystals.  
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 Figure 9.2. FTIR spectra of AgSCnOH (n=2-4, 6, 8, 9, 11) lamellar crystals for the 
wavenumber ranges of (a) 1150-1350 cm-1 and (b) 2650-3450 cm-1. 
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 Figure 9.3. Solid state 13C NMR spectra of AgSCnOH (n=2-4, 6, 8, 9, 11). 
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 Figure 9.4. (a) Plot shows the XRD measured layer thickness of AgSCnOH (n=2-4, 6, 8, 9, 
11) as a function of chain length. (b) Plot compares the XRD measured layer 
thickness of AgSCnOH and the corresponding AgSCn lamellae. 
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 Figure 9.5. Schematics compares the interlayer interface packing of (a) odd chain AgSCnOH 
vs. odd chain AgSCn, and (b) even chain AgSCnOH vs even chain AgSCn. 
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 Figure 9.6. Single crystalline SAED patterns of (a) AgSC3OH and (b) AgSC2OH lamellae. 
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 Figure 9.7. TGA weight loss results of AgSCnOH (n=2-4, 8, 9, 11). 
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 Figure 9.8. Multiple DSC heating/cooling traces of (a) AgSC6OH, (b) AgSC9OH and (c) 
AgSC11OH lamellae. 
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 Figure 9.9. Chain melting point of AgSCnOH (n=2-4, 6, 8, 9, 11) as a function of chain 
length. Tm of AgSCnOH is higher than that of corresponding AgSCn with same 
chain lengths. 
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 Figure 9.10. Characterization results of AgSC9OH grown in inert substrate using the vapor-
phase method. (a) AFM image of the morphology. (b) FTIR spectrum showing the C-H 
stretching modes. (c) Nanocalorimetry result on the chain melting of the material. 
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Ag% S% C% H% 
Measured Calculated Measured Calculated Measured Calculated Measured Calculated 
AgSC2OH 56.62 58.38 17.52 17.30 12.82 12.97 2.55 2.70 
AgSC3OH 51.94 54.27 15.61 16.08 17.97 18.09 3.41 3.52 
AgSC4OH 50.63 50.70 15.05 15.02 22.27 22.54 4.01 4.22 
AgSC6OH 42.68 44.81 12.76 13.28 29.43 29.88 5.31 5.39 
AgSC8OH 38.82 40.15 11.34 11.90 35.57 35.69 6.31 6.32 
AgSC9OH 34.40 38.16 10.64 11.31 37.97 38.16 6.72 6.71 
AgSC11OH 33.96 34.73 9.80 10.29 43.11 42.44 7.50 7.40 
*The measured percentages are compared with the theoretical percentages calculated from molecular weight. 
Table 9.1. Mass fractions of each element in AgSCn (n=1-16). 
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 Ag% Ag2S% 
AgSC2OH 43.7% 56.3% 
AgSC3OH 55.6% 44.4% 
AgSC4OH 63.2% 36.8% 
AgSC8OH 31.7% 68.3% 
AgSC9OH 17.5% 82.5% 
AgSC11OH 43.1% 56.9% 
Table 9.2. Mass fractions of Ag and Ag2S in the residues of decomposed AgSCnOH (n=2-4, 
8, 9, 11). 
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CHAPTER 10 
GROWTH AND CHARACTERIZATION OF LAYERED SILVER ARENETHIOLATE 
10.1. Introduction 
Introducing new types of intermolecular interactions into a material system can always 
alter its property. For example, the H-bonding existed among interfacial OH groups in 
AgSCnOH greatly increases the Tm of AgSCn. Another unique type of interaction that widely 
exists in organometallic systems is the π-π bonding [1] between benzene rings. This motivates us 
to investigate the overall properties of the layered silver arenethiolate (AgSAr) crystals, which 
switches the aliphatic chains into phenyl groups (Ph).  
Bulk AgSAr layered crystals, synthesized with a solution reaction method, was first 
reported by Dance et al.[2] In this chapter, we employ the vapor-phase method [3-6] to 
synthesize six different types of multilayer AgSAr lamellae on inert substrate: AgSPh (AgS-
C6H5), AgSPhF (AgS-C6H4-4-F), AgSPhCl (AgS-C6H4-4-Cl), AgSPhBr (AgS-C6H4-4-Br), 
AgSPhMe (AgS-C6H4-4-CH3) and AgSPhOMe (AgS-C6H4-OCH3). Their composition, 
morphology, lamellar structure and thermodynamic properties are systematically explored.  
10.2. Material Synthesis and Characterization 
10.2.1. Vapor-phase synthesis of AgSAr lamellar crystals 
Materials: Pure silver evaporation sources (99.99%) are pellets obtained from Kurt J. 
Lesker Company. All the arenethiols used are purchased from Sigma-Aldrich Co. and used 
without further purification: C6H5SH, HSC6H4-4-F, HSC6H4-4-Cl, HSC6H4-4-Br, HSC6H4-4-
CH3 and HSC6H4-4-OCH3. Inert substrates include single-crystal <100> Si with native oxide, 
single-crystal sapphire and Si wafers with low residual stress amorphous SiNx films. 
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Synthesis: Figure 1a shows the typical procedure of the vapor-phase synthesis method. In 
step 1, Ag clusters are deposited onto different substrates with 4-5 Å of equivalent thickness 
using thermal evaporation. The base pressure is 5×10-8 Torr and the deposition rate is about 0.5 
Å/s. The amount of Ag is monitored at real-time by a quartz crystal monitor (QCM) and the 
deposition is controlled by a shutter coupled with a photodetector to determine the exact period 
of time that the substrates are exposed to the source. The deposited clusters are exposed under 
corresponding arenethiol vapors for 3 days in step 2 to form as-grown AgSAr. The transfer time 
from the thermal evaporator is less than 20 min to prevent silver contamination (oxidization or 
sulfurization). In step 3, the as-grown crystals are then thermally annealed in a vacuum furnace 
to 116 oC at a base pressure of 1×10-7 Torr in order to grow stacked multilayer lamellae. 
Figure 1b shows the growth mechanism of the vapor-phase method. The size and the 
amount of the Ag particles are determined by the equivalent evaporation thickness. Self-
assembly driven by the strong Ag-S bonding occurs under thiol exposure forms the as-grown 
AgSAr with a few layers and small crystal sizes. Thermal annealing stimulates long-range 
diffusion and layer stacking to form multilayer lamellar crystals with well-registered interlayer 
interfaces. The number of layers of the lamellae can be precisely controlled by either the amount 
of Ag deposited or the annealing temperature.          
10.2.2. Characterization of AgSAr 
X-ray Diffraction (XRD) and High-temperature XRD (HTXRD): XRD measurements are 
done on substrates in a Philips X’pert diffractometer using Cu-Kα radiation (λ=1.5418 Å, 45 kV, 
40 mA). HTXRD is performed under the vacuum of 1 mTorr. Heating of the sample stage is 
achieved by a controlled heater at a 5 oC/min rate. The average lamellar thickness is determined 
from multiple reflections indexed as (0k0) with the lamella parallel to the substrate. Sample 
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alignment is carried out via peak optimization of known crystal planes on the substrates: (004) 
for Si or SiNx and (006) for sapphire. The raw patterns are fitted via JADE-9 X-ray analysis 
software. 
Atomic Force Microscopy (AFM): The topography of the AgSAr crystals is studied using 
an Asylum MFP-3D AFM (tapping mode) with sharp silicon nitride tips from Budget Sensors. 
We plot the height histograms to determine the number of layers in the AgSAr crystals. After an 
appropriate image flattening procedure to remove tilt in the sample during the scan, each height 
measurement for every pixel (one scan is 512 × 512 pixels) is plotted in a frequency distribution. 
The first peak corresponds to the lowest height in the image associated with the bare substrate 
surface after some corrections described in our prior publication.[4] Each subsequent peak 
corresponds to the surfaces of the AgSAr crystals with values in multiples of the thickness of 1 
layer. These values are compared to the layer thickness measured using XRD. 
Rutherford Backscattering Spectroscopy (RBS): RBS is performed on the samples (Si or 
SiNx substrate) with 2 MeV He+ ion beam. The amount of Ag is obtained by simulation of the 
experimental spectra using SIMNRA software. 
Scanning Electron Microscopy (SEM): The morphology of AgSAr crystals on Si 
substrate is also studied by a Hitachi S4700 SEM with an accelerating voltage of 10 kV. 
Thermogravimetric Analysis (TGA): The decomposition properties of AgSCnOH are 
studied in a TA-Q50 TGA analyzer. All the experiments are conducted under N2 atmosphere 
from room temperature to 500 oC, with a heating rate of 10 oC/min. 
10.3. Basic Characterization Results of AgSAr Lamellae 
10.3.1. Composition 
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Surface composition of AgSAr is verified by RBS. Similar to our previous RBS works on 
AgSCn [3, 4], RBS profile (Figure 10.2a) of AgSAr also shows a high Ag peak and a small S 
peak beside the large Si substrate region. The stoichiometry of Ag and S atoms is revealed to be 
about 1:1. Another function of using RBS is to determine the molar amount of AgSAr on the 
substrate by measuring the area density of Ag. This complements the inaccuracy of QCM in 
measuring the Å-level film thickness during deposition.  
10.3.2. Lamellar structure 
Lamellar structure of AgSAr is verified by the appearance of XRD (0k0) reflections. 
Figure 10.2b shows such reflections of all the AgSAr investigated. The layer thickness of the 
lamellae increases as the size of the terminal group increases in a sequence of F, Cl, CH3, Br and 
OCH3. Layer thicknesses of AgSPh, AgSPhF, AgSPhCl, AgSPhBr, AgSPhMe and AgSPhOMe 
equal 14.12±0.07 Å, 14.63±0.03 Å, 16.40±0.05 Å, 16.75±0.06 Å, 16.40±0.03 Å and 17.14±0.05 
Å, respectively. These values are consistent with those measured by Dance et al. [2]  
FWHM of the XRD peaks also varies from sample to sample. A broad FWHM implies a 
large dispersity of sample total layer thickness, based on Scherrer Equation. This indicates that 
different samples have different capability of stacking, in order to form well-registered 
interfaces. AgSPh and AgSPhF with the narrowest peak FWHM possess the most well-defined 
crystals with highly-ordered interlayer interfaces. We infer that the quality of layer 
crystallization depends on the size as well as the surface tension of the terminal groups. For 
example, terminal groups of AgSPh and AgSPhF are H and F, respectively, which have very 
small atomic radii.   
10.3.3. Surface morphology  
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Surface morphology of AgSAr is investigated by AFM and SEM. Figure 10.3a-f present 
the AFM morphology of all six AgSAr studied. Their AFM histograms verifies that they all 
grown into multilayer crystals. The number of layers labeled in the histograms is estimated by 
considering the individual layer thickness calculated from XRD (Figure 10.2b). Consistent with 
the XRD result, AgSPh and AgSPhF have the largest total crystal size, both laterally and 
vertically, among all AgSAr. They also show very well-defined crystal edges, facets and 
terraces, whereas AgSPhMe , AgSPhBr and AgSPhOMe with large terminal group radii only 
grow into relatively small crystals. 
Notably, AgSPh and AgSPhF crystals favor layer stacking, as their as-grown samples can 
grow into multiple layers. Furnace annealing is not necessary for the layer stacking of these 
materials. This observation indicates that the van der Waals bondings between adjacent layers of 
AgSPhF and AgSPh are stronger than the physical bondings between crystals and substrates. 
Figure 10.4 show the SEM images of AgSPhF crystals with well-defined crystal 
morphology regular crystal shapes. The white color surrounding the edges of the crystals 
suggests e-beam charging of the crystal. This implies that AgSPhF is not a good conductor, 
similar to some alkanethiolates, with MΩ-level resistance, reported in literature [7, 8].  
10.4. Thermal Properties of AgSAr 
Unlike that of AgSCn, AgSAr does not have alkyl chains. Therefore, chain melting is 
impossible in these crystals. The strong π-π stacking interaction may result in crystal 
decomposition or solid-solid phase transition of AgSAr as temperature increases. 
High-temperature XRD (HTXRD) is used to measure the (0k0) lamellar reflections at 
different temperatures. Figure 10.5 shows that lamellar structures of AgSPhF disappear at about 
210 oC. This process is irreversible. During heating, the intensity of the peaks gradually 
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decreases, due to the reduction of effective crystallinity for X-ray to diffract - the interfaces are 
not well-registered and more defects are introduced into the originally highly-ordered lattice. 
Ex situ 2D and 3D AFM topography images of the as-grown and annealed (at different 
temperatures) AgSPhF crystals are shown in Figure 10.6a-g. The well-defined lamellar 
morphology (see the cross-section profile of the crystal in Figure 10.6a) disappears after 
annealing at temperatures higher than 180 oC. This result indicates the lamellar structure is 
irreversibly damaged after heating and is consistent with the HTXRD result. 
The mechanism of this irreversible process is the decomposition of AgSAr and is verified 
by TGA on AgSPhF powders, synthesized using the solution reaction method [2]. Figure 10.7a 
shows that AgSPhF decomposes at about 180-210 oC, which agrees with the temperatures 
obtained from HTXRD and AFM analysis. 
10.5. Decomposition Suppressed by Ultra-fast Heating 
Decomposition is also studied by nanocalorimetry measurement of AgSPhF, as is shown 
in Figure 10.7b. There is no phase transition peak observed below 300 oC, at which AgSPhF 
decomposes. The higher decomposition temperature measured in nanocalorimetry, as compared 
with other methods (TGA, AFM, HTXRD) is attributed to its ultra-fast scanning rate (~50000 
K/s) [9, 10]. Generally, kinetic process such as decomposition depends on heating rate and a 
faster heating rate can suppress its occurrence. Such effect has been used to measure the phase 
transition of materials with a very close decomposition temperature and the phase transition 
temperature. A well-known example is the melting of sucrose.[11, 12]    
10.6. Conclusions 
A series of silver arenethiolate lamellar crystals (AgSPh, AgSPhF, AgSPhCl, 
AgSPhBr, AgSPhMe, AgSPhOMe) are systematically synthesized and characterized. All 
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of them present lamellar stacking with well-defined crystal shapes, facets and terraces. 
Individual layer thicknesses of the lamellae depend on the size of the terminal groups. No 
phase transition is observed before the lamellar crystals decompose at 180-210 oC. 
Decomposition is a kinetic process and can be suppressed by ultra-fast heating rates. 
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10.7. Figures 
 
Figure 10.1. (a) and (b) show the experimental procedure and the growth mechanism of the 
vapor-phase method, respectively. The synthesis includes three steps: thermal 
evaporation of Ag clusters; thiol vapor exposure to form as-grown crystals; 
vacuum annealing of the as-grown crystals. 
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 Figure 10.2. (a) RBS result of as-grown AgSPh wit recognizable Ag and S peaks. (b) XRD 
(0k0) lamellar reflections of all the silver arenethiolates studied in this chapter. 
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 Figure 10.3. (a)-(f) show the AFM images and the corresponding crystal height histograms of 
all the silver arenethiolates studied in this chapter. 
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 Figure 10.4. SEM images of multilayer AgSPhF lamellar crystals grown on Si substrate.  
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 Figure 10.5. HTXRD (0k0) lamellar reflections of AgSPhF measured at different temperatures. 
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 Figure 10.6. (a) 2D AFM topography, 3D AFM topography and crystal cross-section profile of 
as-grown AgSPhF lamellae. (b)-(g) show the 2D and 3D AFM topography for 
AgSPhF crystals at each of the following temperatures: 120 oC, 150 oC, 180 oC, 
210 oC, 245 oC and 280 oC, respectively.  
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 Figure 10.7. (a) TGA profile shows the decomposition of multilayer AgSPhF powders. (b) Plot 
shows the NanoDSC first pulse (red) and the average of subsequent 50 pulses 
(black) on multilayer AgSPhF crystals. 
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CHAPTER 11 
PRELIMINARY RESULTS: SIZE EFFECT OPTOELECTRONIC PROPERTIES OF 
AgSCn AND SIZE EFFECT MELTING OF Bi2Te3 
This chapter presents preliminary results on the size effect properties of layered 
materials. Firstly, the chain-length-dependence of optical and electrical properties of silver 
alkanethiolate lamellae is studied. Secondly, our methodology developed for the size effect 
melting of 2D aliphatic lamellae [1, 2] is generalized to other 2D van der Waals layered systems, 
among which the topological insulator material [3-5], Bi2Te3 with different number of layers, 
has a relatively low Tm that can be easily accessed by nanocalorimetry.  This research is 
achieved by collaborating with Prof. T-C Chiang [6, 7] in Physics, UIUC. These preliminary 
studies serve as foundations for future areas of research. The optoelectronic study of AgSCn 
aims to access the role of the Ag-S slab in the organometallic system and investigate the 
mechanism of how molecular electronics work. Research on the size effect melting of Bi2Te3 
can address the capability of our experimental methodology (layer-control plus nanocalorimetry) 
and melting theory on the precise measurement of local interface energy of any layered systems.   
11.1. Optical and Electrical Properties of AgSCn 
11.1.1. Introduction 
Molecular devices are devices with organic molecules sandwiched between metal 
contacts.[8] They have been suggested as a candidate for ultra-high density and cost-effective 
integrated circuits. Aliphatic based metal-organic materials have been termed the “benchmark” 
for molecular electronics related technology.[8] Many studies have been conducted on self-
assembled monolayer (SAM) based molecular devices by Kavanagh group[9, 10] and others[8]. 
But only a few researches are focused on the electronics of 2D lamellar crystals.[11, 12] A 
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systematic study of the electrical properties of AgSCn lamellae is necessary. Single layer AgSCn 
is unique, as it is analogous to the significance of graphene among carbon based materials. 
Metal-thiolate lamellae are also employed as liquid ink in Dip-pen Nanolithography (DPN) by 
Mirkin group for the formation of 3D architectures in a layer-by-layer stacking fashion.[13] DPN 
is an AFM probe based direct-writing technique that delivers molecule inks onto substrates.[14] 
It is widely used for patterning soft materials such as biological molecules.[15] In 
optoelectronics, noble metals such as Ag show plasmonic properties.[16] AgSCn lamellae have 
been reported as intermediate reagents for producing Ag nanoparticles/nanocrystals for 
plasmonic applications.[17] 
Investigating the optoelectronic properties of AgSCn is the basis for all the above 
potential applications. This work aims to study the electrical and optical properties of AgSCn 
lamellae with different chain lengths and number of layers. 
11.1.2. Experimental Section 
 Photoluminescence (PL): PL is performs in the home-made room temperature PL system 
in MRL, UIUC, with a 355 nm wavelength incident laser. The AgSCn samples are synthesized 
using the solution reaction method.[18] ~10 mg sample powders are suspended in 10 ml 
acetonitrile and are transferred into a Type 43 Macro Fluorescence Cuvette with screw cap 
(lightpath 5 mm) for experiment. The data (Figure 11.1a) are collected in a wavelength range of 
360-800 nm. 
UV-vis Spectroscopy: UV-vis measurements are performed on a Varian Cary5G UV-vis-
NIR spectroscopy. AgSCn crystals synthesized from the solution reaction method [18] are drop-
cast or spin-coated (home-made spin-coater in B1, ESB; 2k rpm, 30s) on sapphire substrates; 
Samples grown on sapphire substrates using the vapor-phase method [19, 20] can directly be 
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used for the UV-vis experiment. The amount of sample on substrates is much smaller in the latter 
case (~50 ng) than that of the former case (~1 mg). Thereby, the collected signal intensity is 
different between these two situations. The suspensions used for spin coating and drop-casting 
are made from ~10 mg AgSCn in 10 ml acetonitrile and are sonicated for 10 min before the 
experiment. The data (Figure 11.1b) are recorded in wavelength range of 250-700 nm. 
Conductive-Probe Atomic Force Microscopy (CP-AFM): The electrical I-V 
characteristics of AgSC5 lamellar crystals are measured by contact mode CP-AFM with a Cr/Pt 
coated silicon AFM probes (Ted Pella Inc.). CP-AFM is an incorporated function, named Orca, 
of the Asylum MFP-3D AFM. This technique is usually used to probe the electrical properties of 
molecular electronics [11, 21]. AgSC5 lamellae powders synthesized from the solution reaction 
method [18] are spin-coated (home-made spin-coater in B1, ESB; 2k rpm, 30s) on a Highly 
Ordered Pyrolytic Graphic (HOPG, SPI Supplies) substrate. The circuit diagram of CP-AFM is 
schematically illustrated in Figure 11.2a. HOPG is pasted on a glass slide using silver paste to 
form the back contact of the substrate. During the measurement, the voltage set point is set to be 
0.6 V (after trial and error) and the sample voltage is set in the range of 0.2-1.0 V. 
11.1.3. Results and Discussion 
Noble metal (e.g. Ag) nanoparticles strongly scatter and absorb UV or visible light, due 
to localized surface plasmon.[16] It is reasonable to infer that in AgSCn, the Ag-S slab [18], 
where Ag atoms form a 2D plane, exhibits optical properties similar to Ag surfaces. Figure 
11.1a-b show the preliminary PL and UV-vis spectra of AgSCn, respectively. PL of long chain 
AgSCn (e.g. n=15) shows sharp high-energy (HE) and broad low-energy (LE) emissions, while 
only the HE peak is observed in extremely short chain AgSCn (e.g. n=2-3). The luminescent 
properties of silver complex are usually affected by Ag-Ag interactions (argentophilic 
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interaction) [22-24] and these interactions depend on the nature (electron donating power, size, 
energy level of the frontier orbital) of the ligands [25-27]. The HE and LE emissions are ascribed 
to a ligand-metal-charge-transfer-derived state and a triplet-metal-centered state by a similar 
study on AuSCnH2n+1 lamellae, respectively.[28] The length of the ligands in this case affects the 
silver-silver interactions and thus leads to different PL emission intensities. The band gap of 
AgSCn is estimated to be about 3.2 eV, which is similar to that of wide bandgap semiconductors 
[29, 30] but is much higher than that of Ag2S (1.0 eV) [31]. More studies on the chain-length-
dependence of optical properties of AgSCn are required to reveal the mechanism of how light 
interacts with the lamellae.   
Figure 11.2b shows the preliminary I-V curves of AgSC5, measured by CP-AFM. It 
reveals an ohmic behavior with a resistance of about 6-8 MΩ. Ohmic I-V properties are also 
measured in Ag-D-penicillamine lamellae with a Ag-S slab.[12] In contrast, John et al.[11] 
discovered that palladium alkanethiolate layers exhibit non-linear I-V characteristics that depend 
on chain length. We expect that AgSCn is a good platform for the size-dependent conductivity 
study. The conductivity is closely related to the electronic structure of the Ag-S network and is 
affected by the size of ligand. The thickness of 2D Ag-S sheet is estimated to be ~1-2 Å [32], 
which is even thinner than graphene (~3.4 Å).[33] This study may yield a 2D functional material 
that contains only Ag and S atoms in the future. 
However, since there is only one I-V plot (Figure 11.2b) measured so far, we cannot 
completely rule out the possibility that it might be caused by the probe breaking through the 
crystal and measuring the conductivity of the HOPG substrate. 
11.2. Size-dependent Melting of Layered Bi2Te3 Crystals     
11.2.1. Introduction 
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Topological Insulators (TIs) are materials with metallic electronic states on the surface 
while the bulk of the material remains insulating.[4, 5, 34, 35] This is because the surface band 
bending of a bulk material generate 2D electronic states, and in TIs, the spin of surface electron 
is perpendicular to its momentum.[36] This prevents the backscattering of electrons by 
impurities [37], and thus creates high electron mobility. Potential applications include spintronics 
and quantum computation. Layered 2D metal chalcogenides, such as Bi2Te3, Bi2Se3 and 
Sb2Te3, are promising candidates for TIs.[35] Scientists have disclosed a size effect electrical 
conductivity [4] and electronic band structures [5] in TIs. Melting point depression of Bi2Te3 
nanoparticles (radii smaller than 100 nm) has been observed in literature at 420 oC, which is 
more than 160 oC lower than the Tm of bulk crystals.[38] However, to our knowledge, no one has 
systematically studied the size effect melting of 2D TIs as a function of number of QLs. 
Fortunately, our nanocalorimetry technique is feasible for this research. 
We choose Bi2Te3 as our material because it has the lowest Tm among all well-known 
TIs. It possesses a 2D layered structure with two Bi and three Te atomic sheets covalently 
bonded to form one quintuple layer (QL).[39] Stacked QLs are coupled with van der Waals 
forces, similar to graphene and AgSCn layers. The thickness of 1 QL is about 1 nm.  
11.2.2. Experimental Section 
 Synthesis: Bi2Te3 layers are synthesized using Molecular Beam Epitaxy (MBE) by 
collaborating with Prof. Chiang’s group in Physics, UIUC (Mr. Man-Hong Wong is the student 
who helps us do the deposition).[6, 7] Figure 11.3a-b show the photo and schematic of the 
deposition chamber, respectively. The chamber pressure during deposition is about 1×10-9 Torr. 
The deposition rates of Bi and Te are pre-calibrated (power: 800 V, 4 mA; 1 Å Bi requires 4.5 A 
for 120 s; 1 Å Te requires 4.7 A for 10 s). 
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During the real experiment, the blank substrates or nanocalorimetry sensors are first 
baked/degassed at 400 oC for 20 min. The substrate temperature is set to be 301 oC 
(Tstart=301 oC; Tfinal=300 oC) for the entire process of the experiment. Te and Bi are then 
introduced to the chamber to form crystals of about 10 QLs. Prior researchers [6, 7] usually 
deposit Bi2Te3 on Si substrates with certain orientations, but in our case, samples have to be 
deposited on amorphous SiNx surfaces. Therefore, any in situ thickness determination techniques 
that utilize the crystallinity of silicon are useless in our experiment.   
Atomic Force Microscopy (AFM): The topography of the Bi2Te3 crystals is studied using 
an Asylum MFP-3D AFM (tapping mode) with sharp silicon nitride tips from Budget Sensors. 
We plot the height histograms to determine the number of QLs in the crystals. The first peak 
corresponds to the lowest height in the image associated with the bare substrate surface after 
some corrections described in our prior publication.[20] Each subsequent peak corresponds to 
the surfaces of Bi2Te3 crystals with values in multiples of the thickness of 1 QL. 
11.2.3. Results and Discussion 
Figure 11.4 shows three groups of AFM topography images and the corresponding height 
histograms of Bi2Te3 crystals. All crystals form well-defined triangle-shaped sheets with clean 
edges, facets and terraces, which are consistent with those deposited on Si substrates [40, 41]. 
The crystal sizes are about 0.5×0.5 μm2. The total number of layers of the crystals is about 5-10 
QLs. This is also verified by the cross-section profiles of the crystals shown in Figure 5.  The 
plateau roughness of the crystal is about 1 nm. 
Figure 11.6 shows the nanocalorimetry results of Bi2Te3 crystals with 5-10 QLs. The 
heating rate is about 100k K/s. The 2nd pulse (blue curve) presents one endothermic peak at 
243 oC, which is attributed to the melting of Bi nanoparticles.[42] This implies that Bi2Te3 
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decomposes during the 1st pulse (red curve) to 610 oC. The 1st scan presents two endothermic 
peaks. Both peaks are lower than the Tm of bulk Bi2Te3 (green line), which indicates a melting 
point depression phenomenon. Each peak has several tiny ripples, which probably are evidence 
of discrete Tm of Bi2Te3 with different number of QLs. Although the mechanism of the 
appearance of these peaks is still not clear, it is promising to continue the characterization on 
more crystals with other number of QLs, especially single layer crystals. We expect Bi2Te3 
layers present a size-dependent melting property as that of AgSCn lamellae.       
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11.3. Figures 
 
Figure 11.1. (a) Photoluminescence spectra of multilayer AgSC2, AgSC3 and AgSC15 
lamellar crystals. (b) UV-vis spectra of AgSC14 and AgSC15 lamellar crystals. 
  
215 
 
 
Figure 11.2. (a) Schematic shows the circuit setup of Conductive-Probe AFM (CP-AFM) for 
measuring the I-V characteristics of AgSCn crystals. (b) I-V curves (2 
independent scans) of multilayer AgSC5 lamellar crystals. 
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 Figure 11.3. (a) Photo of the MBE chamber for Bi2Te3 deposition in Prof. Chiang’s lab at 
Physics, UIUC. (b) Schematic shows the chamber setup for Bi2Te3 deposition on 
heated substrate or nanocalorimetry sensors. 
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 Figure 11.4. (a) and (b), (c) and (d), (e) and (f) show three groups of AFM topography images 
and its corresponding crystal height histograms of Bi2Te3 (5-10 QLs). 
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 Figure 11.5. (a) and (b), (c) and (d), (e) and (f) show three groups of AFM topography images 
and its corresponding cross-section profiles of Bi2Te3 (5-10 QLs). 
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 Figure 11.6. Nanocalorimetry Cp vs T curves for Bi2Te3 crystals (5-10 QLs). The red curve 
shows the result of the 1st pulse to 610 oC; the blue curve shows the result of the 
2nd pulse to 610 oC, with a melting peak of Bi particles. 
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CHAPTER 12 
SUMMARY AND FUTURE WORK 
12.1. Summary 
This research presents a fundamental structure and thermodynamic study of the size-
dependent properties of aliphatic layered crystals. Two novel synthesis methods are coupled to 
synthesize AgSCn lamellar crystals with any number of layers (m=1-4 and >10) and any chain 
lengths (n=1-16). Nanocalorimetry and commercial DSC are employed to systematically 
measure the chain-length-dependent and layer-number-dependent chain melting of AgSCn. 
Multiple techniques are employed to study the local chain structures, interlayer lamellar 
structures and intralayer lattice packings of AgSCn, and reveal the bulk-to-discrete transition that 
occurs when material size is shrunk below a critical scale. Materials with discrete properties are 
dominated by separated segments such as interfaces in their structures. 
The vapor phase method [1, 2] has an excellent capability of controlling the number of 
layers during growth by adjusting the amount of Ag deposited and the layer annealing 
temperature. We grow monodispersed AgSCn crystals with 1-layer to 4-layer lamellae on inert 
substrates. However, this method cannot grow AgSCn with short chain lengths (n≤6). The novel 
solution reaction method [3] is highlighted by the synthesis of highly ordered lamellae with 
extremely short chain lengths (n=1-3), which are considered to be disordered in previous 
studies.[4, 5] As a key step, post-reaction recrystallization and Ostwald ripening are used to 
improve the crystal ordering. AgSC1 is the first obtained organometallic layer with only one 
carbon group. AgSC2 with a layer thickness of 1.08 nm is the thinnest organometallic layer ever 
reported. Multilayer lamellae of any chain lengths (n=1-16) synthesized by this method are 
single crystals with fully-extended all-trans alkyl chains, well-registered interlayer interfaces and 
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highly-ordered intralyer subcell packings and an identical structure of Ag-S network. The two 
synthesis methods are complementary and their products cover the whole family of AgSCn with 
number of layers from 1-layer, 2-layer till multilayer and chain length from extremely short to 
long chain lengths (n=1-16).  
Melting of 1-, 2-, 3- and 4-layer AgSCn are studied by nanocalorimetry whereas that of 
short (n=1-6) and long (n=6-16) chain multilayer lamellae are measured by DSC. Three major 
effects are observed for the size-dependent lamellar melting: odd/even parity effect, stacking 
effect and short-chain effect. 
Odd/even parity effect is observed for AgSCn with any number of chain lengths except 
for AgSC1 and any number of layers except for 1-layer crystals. The parity effect is only present 
when layers are stacked up and interfaces are formed. It is raised from the odd/even alternation 
of the van der Waals gap at the interlayer interface regions. Despite of the short-chain effect, 
odd/even effect is preserved in the entire chain length range (n=2-16) of AgSCn. 13C NMR 
results show that the terminal three groups in the alkyl chains are the only groups with odd/even 
variation of local environment and are grouped as a single tail segment. This verifies that the 
nature of interlayer interfaces is the cause of any parity-dependence of size effect properties in 
aliphatic layers. This interface region is assigned a 3D representation with a thickness of two tail 
segments from adjacent layers plus the van der Waals gap. 
Stacking effect of size-dependent melting demonstrates an increase of Tm as number of 
layer increases. This effect only occurs when interlayer interfaces are well-registered such that 
different layers perform synergistic with each other and melt collectively. This effect is not 
observed in polyethylene in which interfaces are in amorphous states. 
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Short-chain effect of melting starts to occur when decreasing chain length to a critical 
size, below which the classical Gibbs-Thomson model with constant excess free energy (GT-C 
model) fails. Tm, ΔHm and ΔSm of long chain AgSCn (n≥7) strictly follow the size effect melting 
predicted by the GT-C model. ΔHm exhibits an incremental of 4.1 kJ/mol per CH2 unit as chain 
length increases; whereas melting parameters of short chain AgSCn (n≤6) dramatically deviates 
from those extrapolated from the long chain melting. The short-chain effect is not only limited in 
chain melting but also observed in other structural and property parameters such as chemical 
shift and T1 values of the head (the two groups closest to the Ag-S slab) and tail segments of 
alkyl chains. Similar to the interface region, the Ag-S region is also assigned a 3D thickness that 
contains head segments of alkyl chains. Mid-chain CH2 groups are not affected by either of the 
Ag-S region or the interface region and show bulk-like properties. The short-chain effect is 
caused by the bulk-to-discrete transition of lamellae properties at the critical length scale. The 
incremental ΔHm of long chain AgSCn (n≥7) is contributed from the increasing length of the 
mid-chain CH2 units. At/below the critical size, none of the carbon groups are equivalent and the 
lamellae structure is dominated by the Ag-S region as well as the interface region. 
A comprehensive Gibbs-Thomson (GT-COM) model with alterable excess free energy is 
developed to predict the short-chain effect melting. The GT-COM model is simplified into the 
GT-C model at chain lengths larger than the critical size (ncr=7 for AgSCn). Values of ΔGexcess 
depend linearly on chain length at n< ncr. This new model can be generalized to other aliphatic 
layered systems such as AuSCnH2n+1, CuSCnH2n+1 and n-alkanes. Interestingly, the well-known 
n-alkanes also show short-chain effect in the melting of species with n≤11. Tm of all these 
lamellae merge into a common asymptotic temperature – melting point of bulk alkane with 
infinite chain length. 
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The intralayer crystallography of AgSCn lamellae has been controversial for decades and 
is solved in this work. We developed a method of coupling the powder synchrotron XRD and the 
nano-beam electron diffraction (NBD) to determine the lattice structure and space group of 
beam-sensitive organometallic frameworks. The lattice of AgSC3, as an example, is worked out 
as monoclinic with a space group of P1n1, P12/n1 or P121/n1. The structure of the unique 2D 
Ag-S network is solved. 
As an application of this research, the interface region of AgSCn is chemically tailored 
with hydroxyl groups. Such change dramatically increases the Tm of AgSCn by 30 oC-50 oC. 
This opens up a new path of manipulating material properties by altering their unique discrete 
segments. Another application of this work is related to the 2D structure of the Ag-S sheet, 
which potentially shows particular optoelectronic properties. Such 2D structure is similar to 
graphene [6] and metal chalcogenides [7, 8] with increasing interests recently.   
12.2. Future Work 
Continuing works related to this research includes material studies, instrument 
development as well as theoretical simulations. 
(1) The methodology developed to access the interlayer interface of AgSCn lamellae 
using size effect melting can be applied to other layered systems such as Bi2Te3. Section 11.2 
has shown the preliminary nanocalorimetry results on this material. The technique of coupling 
the layer-control synthesis and nanocalorimetry has been validated in AgSCn system. We expect 
a size effect melting of Bi2Te3 as a function of number of QLs and thus their interface regions 
can be quantified by using the developed phenomenological model for lamellar melting.  
(2) As discussed in section 11.1, we propose to continue using CP-AFM [9, 10] to obtain 
the 2D resistance maps as well as I-V characteristics of AgSCn crystals with different number of 
228 
 
layers and chain lengths. The nature of interface region can be more comprehensively understood 
by comparing the conductivity between 1-layer and stacked-layer crystals, which is helpful to 
construct the charge transport mechanism in molecular electronics. Size-dependent optical 
properties and band structures will continue to be probed by PL and UV-vis spectroscopy. The 
nature of the Ag-S network and its interaction with the ligands can be revealed by a thorough 
mapping of chain-length-dependent energy band and optical absorptions. 
(3) In order to validate the fundamental physics of the phenomenological GT-COM 
model, we propose to employ dispersion-corrected exchange-correlation functionals and density 
functional theory (DFT) for material simulation. We will use the approach that yields better 
agreement to parametrize our empirical model. These first-principles techniques are 
implemented in the Vienna ab initio Simulation Package [11, 12] that Professor Schleife is using 
in his group at UIUC. In addition, the groups of Ertekin and Wagner at UIUC are using quantum 
Monte Carlo calculations to obtain highly accurate total energies of atomic arrangements. The 
groups of Hirata and Hammes-Schiffer at UIUC are experienced in first-principles calculations 
for molecular systems. Molecular Dynamics simulation is also proposed as collaboration with 
Ferguson group at UIUC, who is an expert of simulating soft matter, especially n-alkanes. 
(4) Cooling mode nanocalorimetry requires a more comprehensive development, 
including the improvement of signal-to-noise ratio, controlling of cooling rate and precise 
measurement of enthalpy. This functionality can broaden the application of nanocalorimetry in 
the studies of kinetics, in situ measurements and material structures.   
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APPENDIX A 
LAB INSTRUMENT OPERATIONS 
This chapter summarizes the procedures of operating the in situ 4-point resistance 
measurement and the ex situ nanocalorimetry systems in Allen research group. All the software 
versions mentioned are the most updated ones on 03/14/2017.  
A.1. In Situ 4-point Resistance Measurement System  
The in situ 4-point resistance vs temperature measurement system located in ESB-183 is 
used to anneal thin films and determine the temperature coefficient of resistance (TCR) for 
nanocalorimetry sensors and electronic thin films. The block diagram of this system is shown in 
Figure A.1a. The step-by-step operation of calibrating sensors are detailed as follows: 
(1) Load the sensors in a 4-point configuration in the holder as shown in Figure A.1b. 
(2) Load the holder into the glass tube and test the sensor resistances by 2-point V+/V-, 
I+/V+, I-/V-, I-/GND and 4-point configurations, using “Mi_STCS2014switch1.vi”. 
(3) Turn on the roughing pump; wait for 30 seconds; turn on the turbo pump and wait for 
the rpm displayed on the controller to be 833 rpm. 
(4) When the pressure is below 3×10-7 Torr, start the sensor pulsing. 
(5) Turn on the ON/OFF switch on the Power Supply box; use the LabView program 
“Mi_STCS2014_2ch_puls1a.vi” for software control. 
(6) Typical parameter settings (for reference) for pulsing sensors to 730 oC include 10 ms 
time of pulse, 1 s between pulses, 10010 number of pulses, ±5 V of Range V1 and V2, ±0.625 V 
of Range I1 and I2, 200 Filter, a Start Av. at time as 9 ms, a Stop Av. at time of 9.8 ms, 10 pulses 
to remove and 2000 averaged pulses. Ranges of V1, V2, I1 and I2 and the time of pulse may 
change depending on the maximum final temperature of each pulse. 
231 
 
(7) Adjust the resistance of the entire circuit and thus the maximum temperature of the 
sensor by tuning the knobs (coarse, fine) on the top of the Power Supply box. 
(8) After 10000 pulses, R vs T relationships of sensors are measured by the LabView 
program “Mi_STCS2014test1.vi” with “Cal350o24h.par” as the input recipe file. Different 
annealing processes have different input recipe files. It usually takes 24 h to run the whole 
procedures recorded in the recipe files. 
The LabView program for resistance vs temperature measurements of general thin films 
is “General Film Resistance_Zichao (M_STCS3test2a).vi”.  
A.2. Ex Situ Nanocalorimetry  
The block diagram of the ex situ Nanocalorimetry system located in ESB-183 is shown in 
Figure A.2. The pumping system of this nanocalorimetry is controlled by a controller shown in 
Figure A.3. Switches A-E control the on/off states of the chamber-to-air valve, chamber-to-
roughing-pump valve (foreline valve), compressor, scroll pump (roughing pump), turbo-to-
roughing-pump valve and chamber-to-turbo-pump valve (gate valve), respectively. Valve C and 
D are kept on for regular use. Venting the system requires turning F off and turning A on. 
Pumping down the system requires two steps: (i) turning A and E off, and turning B on; (ii) 
when the pressure is below 2×10-2 Torr, turning B off, and turning E and F on. The following 
steps describe a typical nanocalorimetry baseline measurement. 
(1) Resistance check of each of the sample and reference sensors using Keithley 2000 
Multimeter with 2-point I+/I-, V+/V-, I+/V+, I-/V- and 4-point configurations. 
(2) Open the LabView program for nanocalorimetry: R_cal11M_develop_A_2_3Mike.vi. 
Basic setups include the operating directory, sample/reference TCR, experiment mode (pulsing 
mode or cooling mode) and VISA resource (COM2). The choices for “R0 selection” and “Ref 
232 
 
R0 selection” are determined as the closest values to the real sensor resistance at room 
temperature. 
(3) Temperature check to measure the room temperature: pulse time – 0.1 ms; Vs, Vr, Is, 
Ir ranges - ±1.25 V; sampling rate – 100 kHz; Sample and reference R – 3000 Ω. 
(4) Determine the current limiting resistances for a target temperature at different heating 
rates, by doing trial and error for the values of sample and reference R inputs. 
(5) Apply 10000 current pulses to stabilize the resistance of the sample and reference 
sensors, using the heating rate for the later real experiment. 
(6) Collect data for the ms, mr, md, ns, nr and nd files of the sample and reference 
sensors at different heating rates (same as (4)). 
(7) Calculate the baselines for the sample sensor with regard to the reference sensor at 
different heating rates by using the obtained files in step (6) as input for “miBase10.exe” (2nd and 
3rd baseline) and “Hcap16.ext” (1st baseline and calorimetric analysis). 
After obtaining the baselines for the blank sample sensor, the sensor can be transferred 
for sample deposition. Step (1)-(3) are common for baseline measurements and real 
nanocalorimetry measurements. After step (3) of the real nanocalorimetry experiment, pre-
pulsing of the reference sensor to certain temperatures that are lower than the target temperature 
using the same heating rate is necessary. Pre-pulsing requires disconnecting the sample sensor 
(this is important). The final step of nanocalorimetry experiment is applying current pulses with 
the defined heating rate to increase the temperatures of the sensors to the target temperature. 
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A.3. Figures 
 
 
Figure A.1. (a) Block diagram of the in situ 4-point resistance vs temperature measurement 
system. (b) Photo of a nanocalorimetry sensor loaded in the holder for calibration. 
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Figure A.2. Block diagram of the ex situ Nanocalorimetry system (drew by Dr. L. Hu).  
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 Figure A.3. The pumping controller for the ex situ Nanocalorimetry system. 
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